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Distillation is the most common separation process used in the chemical, 
petrochemical, refining and related process industries. It consumes large amount of 
energy due to heating and cooling involved through the reboiler and condenser 
respectively. The distillation systems in the industries were mostly designed more 
than a decade ago when the economic, political and societal scenario were 
different. The major cost head for the process industries comes from the operating 
cost which includes raw materials cost, energy cost and labor cost. It is imperative 
at this juncture to reduce the energy cost in the interest of economy as well as 
society.  
 
There are complex configurations of distillation available which reduce energy 
requirement; they include thermal coupling, heat integration, etc. Various 
configurations of thermal coupling have been reviewed and then Fully Thermally 
Coupled Distillation System (FTCDS) is chosen for this study due to the higher 
savings in the energy consumption compared to the conventional column system. 
Implementation of a FTCDS in terms of a Divided Wall Column (DWC), where 2 
columns will be housed in a single shell, is also considered. The latter has been 
implemented for several applications in the industries. 
 
The main objective of this study is to investigate the potential of retrofitting 
conventional 2-column systems in operation for separating ternary mixtures into 
three products. For this, six applications of industrial importance are identified and 




conventional 2-column systems are designed, which are then assumed to be 
currently in operation in the plants. Then, retrofitting these systems to both FTCDS 
and DWC is studied. Simulation of all column systems is carried out in HYSYS. A 
step-by-step procedure starting from shortcut calculations is developed for 
simulating and optimizing a FTCDS, which is also equivalent to simulating a 
DWC from the point of separation.  
 
All the six applications showed a consistent savings in operating cost in the range 
of 20-40% for FTCDS/DWC compared to the conventional 2-column systems. 
These results are encouraging and provided the motivation to study the retrofit of 
an existing conventional 2-column system to a FTCDS and DWC. Techno-
economics were worked out on the cost and payback period. For retrofitting a 
conventional 2-column system to a FTCDS or DWC, payback period is less than 3 
years for five applications. The payback period for retrofitting in the remaining 
application is 4 years. Alternate solutions have been proposed to improve the 
payback period in these applications. Overall, results of this study show that 
retrofitting a conventional 2-column system to reduce energy requirements for 










1.1 Current industrial scenario 
 
Soaring energy cost due to escalating oil prices results in a higher product cost in 
almost every industry around the world. Chemical industries are not an exception 
to this situation. Distillation in the chemical and related process industries accounts 
for 3% of world’s energy consumption (Hernandez et al., 2006). Current scenario is 
that all the industries including chemical industries are facing globalization and 
competition at international level. Factors affecting the survival and sustainability 
of chemical and process industries can be summarized as follows. 
• Threat of economic recession (especially in Asia), political instability, 
terrorism and war, which discourages new investments. This dictates the 
need for the chemical industries to operate most efficiently in one-way or 
other.   
• Globalization and international competition that drive industries towards 
reducing manufacturing cost. 
• Global warming is now viewed seriously as this would affect the human life 
in a few decades to come. Many of the developed countries are already 
making efforts to find alternative solutions to reduce their contribution to 
global warming. 
• By way of operating the plant under reduced energy consumption will not 





reduced energy consumption will result in reduced usage of fossil fuels to 
that extent. This reduces the environment pollution as well as the depletion 
of the fossil fuels.  
Hence it is imperative at this juncture to operate the chemical and related process 
plants, particularly distillation processes, most competitively and with the least 
energy consumption.  
 
1.2 Column configurations 
 
Distillation is used for 95% of all fluid separations in the chemical and related 
process industries, and around 3% of the total energy consumption in the world is 
used in distillation units (Hernandez et al., 2006). Motivated by the large demand 
of energy for distillation, researchers have developed various column arrangements 
that can bring in savings in both energy and capital cost.   
 
An understanding of various column configurations is necessary to effectively 
choose a better system for a particular separation by distillation, in order to 
minimize energy and total cost. Column configurations vary from simple to 
complex configurations, which are described in brief below. 
 
Simple column configurations are conventional and well known in industries to 
achieve product specifications in a multi-component system. These configurations 
consist of two or more simple columns (i.e., columns with one feed, at least 2 





categories: Direct Sequence, Indirect Sequence and Distributed Sequence. A simple 
sketch of these configurations for 3-components separation is shown in Figure 1.1. 
• Direct Sequence refers to the sequence of separating the lights first and the 
heavies in the subsequent columns. The heaviest is drawn off in the last 
column.  
• Indirect Sequence refers to the sequence of separating the heavies in the first 
column followed by lighter ones in the subsequent columns. The lightest 
component is separated and drawn off in the last column.   
• The Distributed Sequence is a combination of splits of heavies and lights into 
subsequent columns. This is very predominant in separation of azeotropes 
where the boiling range is close. Advantage is that this sequence can use low 
quality energy – a warmer cold utility or a cooler hot utility, but this requires a 
higher capital cost due to additional heat exchangers or columns required. It is 
extremely useful in low temperature processes. 
 
Complex column arrangements are meant for arrangements other than the above. 
They refer to recycling the vapor and/or liquid, heat integration, etc. Thermally 
coupled arrangements are realized by setting up two-way vapour/liquid flows 
between different columns of the simple column configurations. Thermal coupling 
often eliminates the condenser and/or reboiler of the simple column, and introduces 
a vapour/liquid connection.  The partially and fully thermally coupled systems are 
illustrated in Figures 1.2 and 1.3, respectively. They are usually referred as side 
rectifier, side stripper, pre-fractionator, Petyluk or divided wall system depending 





• Side Rectifier and Side Stripper do not have one reboiler and one condenser 
respectively, compared to the simple column configurations (Figures 1.1 
and 1.2). These columns are called as Partially Thermally Coupled 
Distillation Systems (PTCDS).  
• Pre-fractionator arrangement splits the feed in the first column into two 
streams to be fed to the second or main column. This is similar to the 
distributed sequence in the simple column configurations (Figure 1.1). 
However, pre-fractionator has some partial thermal coupling with the usage 
of a partial condenser in the first column.   
• Petyluk column, which is otherwise called as a Fully Thermally Coupled 
Distillation System (FTCDS), has routing of vapor and liquid in and out of 
the two columns (Figure 1.3). The first column, which is similar to the pre-
fractionator, does not have reboiler and condenser as the vapor and liquid 
loads are shared with the second column. Thus, Petyluk column has two 
columns with one reboiler and one condenser for separating a feed into 
three products. This system is thermodynamically more efficient than other 
configurations.   
• The FTCDS concept was extended into all-in-one concept, which marks the 
birth of Divided Wall column (DWC). Advantages are reduced capital 
investment and reduced energy consumption at the same time. DWC has a 
vertical partition (wall) inside the shell to accommodate a pre-fractionator 
in the same column and hence functions as a fully thermally coupled system 
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Figure 1.3 Complex Column Configurations: Fully Thermally Coupled Distillation Systems (FTCDS)














Alternative arrangements such as PTCDS and FTCDS to the conventional column 
configurations are emerging in order to reduce the energy consumption. Previous 
studies reveal and confirm that Petyluk column reduces energy usage up to 45% 
compared to the conventional direct or indirect 2-column system. The Petyluk 
column is thermodynamically equivalent to DWC, and so it can be implemented as 
DWC using only one column, as shown in Figure 1.3.  
 
1.3 Motivation and Scope of Work 
 
The FTCDS in the form of DWC is attractive to many chemical and related 
industries in the current scenario of competition and environmental concerns, in 
order to reduce energy usage for distillation. The DWC has already been 
implemented in a few industries successfully, which provides the first motivation 
for this topic. The industry is somewhat insecure due to recent economic recessions 
and subsequent boom in the market. Recent experience with recession reminds 
them to be careful in their decision while going for new plants. An alternate and 
safe way is to make use of the existing equipments and operate the plant more 
efficiently, possibly with minor modifications supported by attractive payback. A 
payback period of less than 3 years is favorably considered by the management to 
proceed with the investment.   
 
Retrofitting an existing conventional column system or modification of the column 
can result in an appreciable savings. Additionally, this has an effect over 





allows the company to sell the products at full capacity production. Published 
literature on retrofitting conventional column configurations to DWCs is limited. 
This serves as the additional motivation for the research presented in this thesis. 
 
In this study, retrofitting conventional columns to Petyluk columns/DWCs are 
explored by considering several industrial applications. Specific objectives of this 
study are: 
• To design and optimize conventional column configurations for some 
selected applications. 
• To develop a step-by-step procedure for simulation and optimization of a 
Petyluk column/DWC using a process simulator, namely, HYSYS. 
• To design and optimize a new Petyluk column/DWC for each of the 
selected applications. 
• To outline the procedural steps in retrofitting a conventional column system 
to Petyluk column/DWC. 
• To perform detailed techno-economic analysis of retrofitting the 
conventional column configurations to Petyluk columns/DWCs for the 
selected applications.  
 
1.4 Outline of the Thesis 
 
The thesis has been organized into 6 chapters with summary in the beginning and 






Chapter 1 is the Introduction to the thesis topic; it provides background, 
motivation, scope of work and outline of the various chapters. Chapter 2 contains 
review of publications on Petyluk columns and DWCs, methods for their design 
and optimization, and their industrial applications.  
 
Simulation and optimization of Petyluk/DWC columns are presented in Chapter 3. 
The step-by-step method of simulating and optimizing the Petyluk column using 
HYSYS is illustrated for one application. It includes the interpretation of results of 
Petyluk system for DWC.   
 
In Chapter 4, retrofitting of conventional columns to Petyluk columns/DWCs is 
discussed including industry perception of retrofitting, implications of retrofitting a 
column at site, basis and assumptions for the applications and cases considered.  
 
Techno-economic analysis of retrofitting for all the selected applications and cases 
is described in Chapter 5. The results of a new conventional column system and 
Petyluk column/DWC for all applications are presented in this chapter. It includes 
the basis and assumptions for column sizing and costing of retrofitting as well as 
new FTCDSs. Payback results for all applications and cases are also presented and 
discussed in Chapter 5. 
 
Conclusions from the study and recommendations for further work are given in 






Appendices are presented at the end of the chapters. The simulation and 
optimization of a conventional column is presented in Appendix A. Appendix B 
present the validation of thermodynamic models and flash calculations. Appendix 








Literature review forms an important part of research which helps to kick start the 
research with valuable flow of information from the past research activities 
worldwide. It is necessary to understand the history/background of the divided wall 
column (DWC) and the transition of various column configurations, which led to 
the interesting concept of DWC. The review reveals the existence of the 
technology, usage and acceptance of DWC concept and recent developments in the 
technology for usage in various applications to reap the benefits of this concept. 
DWC is an extension of the concept of a Fully Thermally Coupled Distillation 
System (FTCDS, also called as Petyluk System). Hence the papers referring to the 
FTCDS are also included in the present literature review. 
 
2.1 History and background 
 
The fully thermally coupled system of distillation columns has been known for 
several decades. Wright (1949) first patented the DWC idea with thermal coupling. 
Petyluk et al. (1965) introduced the thermal coupling for separating ternary 
mixtures and presented a fully thermally coupled configuration – Petyluk column.  
 
Energy demand and cost are the driving forces in arriving at DWC and FTCDS. 
Lockhart (1947), Rod and Marek (1959), Petyluk et al. (1965), Heaven (1969), 
Hendry and Hughes (1972), Stupin and Lockhart (1972), Hendry et al. (1973), 





Westerberg (1980, 1985), Nishida et al. (1981), Fidkowski and Krolikowski 
(1987), Glinos and Malone (1988), Carlberg and Westerberg (1989), Triantafyllou 
and Smith (1992), Wolff and Skogestad (1995), Finn (1996), Westerberg and 
Wahnschaft (1996), Christiansen (1997) have been involved in studying the 
concept with respect to energy savings. Fidkowski and Krolikowski (1987) stated 
that several studies have proven that the FTCDS has the lowest energy demand 
among all column systems for separation of ideal ternary mixtures into pure 
product streams. 
 
Amminudin et al. (2001) quoted the following details on the industrial acceptance 
and commercialization of DWC: "Kaibel G. (1988) and European Chemical News 
(ECN, 1995) reveal that BASF AG has been the first company to apply the divided 
wall column commercially and have successfully commissioned and operated more 
than 12 such columns. M.W. Kellog Limited together with BP (later known as BP 
Amoco), successfully commissioned a divided wall column at BP’s Coryton 
refinery, UK as per M.W. Kellog Limited press release, 11 September 1998. 
Sumitomo Heavy Industries Co. together with Kyowa Yuka, have also developed a 
divided wall column as per Parkinson G. (1998)". 
 
Linde AG has constructed the world’s largest DWC for Sasol, an estimated 107 m 
tall and 5 m in diameter (Schultz et al., 2002). Recently, Adrian et al. (2004) have 
reported that BASF operates about 30 DWCs worldwide in their plants. This shows 
an upward trend in the number of columns by BASF and confirms the acceptance 





2.2 Advantages and limitations of DWC 
 
Fidkowski and Krolikowski (1987) have established that the Petyluk system 
requires the least amount of stripping vapor or rectifying liquid among all the 
options for a three-product system. This key advantage is also applicable for a 
DWC, which has the minimum vapor flow rate possible for the particular 
separation compared to the conventional system. The minimum vapor flow rate 
results in lower heat duties and sizes of reboiler and condenser.  
 
Triantafyllou and Smith (1992), Rudd (1992), and Agrawal and Fidkowski (1998a) 
have shown that for a mixture of three components the Petyluk configuration 
reduces the total vapor flow by 10 to 50% compared to conventional systems using 
direct and indirect split arrangements. Kolbe et al. (2004) have established that the 
energy requirements and the concentration profiles of the Petyluk column and 
DWC are completely identical. Reduction in vapor flow contributes to lower 
capital cost as well as operating cost (in terms of utility consumption). 
Furthermore, Petyluk column/DWC uses only one reboiler and one condenser 
when compared to 2 reboilers and 2 condensers for the conventional distillation 
systems using direct or indirect split. This would add to the savings in capital cost 
as well as to the associated operating cost.  
 
Agrawal and Fidkowski (1998) noted that the thermodynamic efficiency of FTCDS 
is often worse than that of other systems since the thermal energy has to be 





component) and rejected at the lowest temperature (e.g., boiling point of the most 
volatile component). This is important for cryogenic applications; however, 
thermodynamic efficiency is less important for higher temperature applications. 
The utilities (in the form of steam and cooling water) may be readily available and 
an FTCDS (consuming the smallest amount of these utilities) can be one of the 
most economical configurations (Agrawal and Fidkowski, 1998b). 
 
Despite the economic edge, one of the primary reasons for not using the divided 
wall is its complexity in design and the control (Agrawal, 1998). Mutalib and 
Smith (1998a) noted that it is impractical to manipulate the vapor split in a DWC 
although it is easier to manipulate the liquid split via special design of the liquid 
distributor. However, liquid split is also usually left uncontrolled (Agrawal, 1998), 
and the operating values of both liquid and vapor splits result from the natural 
balancing of flow resistances inside the column. Abdul Mutalib and Smith (1998a) 
have stated that the control studies carried out by them demonstrate that the DWC 
can be operated successfully in the same manner as conventional side-draw 
columns. 
 
One of the requirements of DWC is to avoid heat transfer between the fluids across 
the wall. Amminudin et al. (2001) have quoted that Lestak et al. (1980) examined 
the effect of heat transfer across the divided wall and concluded that the divided 






Kolbe and Wenzel (2004) have stated the following average savings gained by 
using a DWC against a conventional column system. 
• Investment costs: 25% 
• Operating costs: 35% 
• Space requirements: 40% 
The savings in space requirements are due to reduction in number of reboilers, 
condensers and associated equipments such as pumps, their required supports, etc. 
This will be of particular interest in locations such as Singapore where land is 
limited. 
 
2.3 Design and optimization of DWCs 
 
Design and optimization of DWCs have been studied in the open literature using 
basic equations to the latest commercially available software. Majority of the 
researchers have used fundamental equations as part of shortcut method for 
initialization followed by rigorous simulation with commercially available software 
such as HYSYS and Aspen Plus. 
  
Triantafyllou and Smith (1992) presented a design procedure for FTCDS with 
fundamental equations (Fenske-Underwood-Gilliland, FUG shortcut design 
technique). The FUG technique was commonly used for conventional 2 or 3 
columns operated in the direct or indirect sequence. The procedure was presented 
in the form of a flow chart for easy understanding. They developed a simple 





cost (in minimizing the number of trays). The model was further validated with 
rigorous simulation using Aspen Plus, and was extended for DWC. Details on how 
to use the design model in Aspen Plus for rigorous simulation were not covered in 
their paper. However, they covered column and heat exchanger sizing, and the 
procedure for costing the respective equipments with empirical relations. 
Triantafyllou and Smith (1992) concluded that the DWC will fetch additional 
benefit of capital cost savings in addition to all the savings realized by FTCDS. In 
short, they gave important guidance for techno-economic evaluation of FTCDS and 
DWC. 
 
Many authors have applied FUG equations successfully to do shortcut design in the 
analysis of multicomponent distillation e.g., Shiras et al. (1950), King (1980), 
Franklin and Forysth (1953), Wachter et al. (1988), and in a comprehensive review 
of minimum energy calculations by Koehler et al. (1995). They have used the FUG 
equations mainly for conventional column system. Further, these correlations are 
used in the commercial simulators such as HYSYS, Aspen Plus etc. 
 
Dunnebier and Pantelides (1999) proposed a design method leading to the 
configuration of minimum operating and capital costs among various alternatives 
(such as DWC, FTCDS etc,) for 3 or 4 component systems; the method involves 
mathematical programming and consequently extensive computations compared to 
shortcut design procedures. Rong et al. (2000), using shortcut methods, have shown 





components offer economic incentives over sequences based on conventional 
distillation columns and Thermally Coupled System (TCS).  
 
Rev et al. (2001) used HYSYS for rigorous simulation of all types of column 
systems as part of case studies. Assumptions made in using HYSYS are provided in 
the paper as listed below. 
1. NRTL thermodynamic property set was used. 
2. Feed and products are saturated liquids (at 101.33 kPa). 
3. Pressure drop across distillation columns and heat exchangers are ignored. 
4. Pumping is not considered in cost calculation. 
5. Maximum flooding is 65-70%. 
6. Heat Exchange minimum approach temperature is 8.5°C. 
  
Amminudin et al. (2001) have suggested a simple design procedure based on 
modeling from equilibrium stage concept. Compared to the usual FUG technique, 
the method employs a concept that starts from the given products/product 
specification and works backwards to establish the design parameters. The paper 
has presented a systematic design procedure of FTCDS (with a flow chart) and 
extension of this design concept to the DWC system. The procedure handles 
feasibility of separation. This is very effective to find the feasibility of using a 
FTCDS or DWC for a given feed and product specifications. The detailed techno-
economic evaluation can be performed if the feasibility of separation is confirmed. 
However, details on validation of the design concept with a popular simulator such 






Muralikrishna et al. (2002) have used the FUG correlations for shortcut method to 
design the conventional column system. These correlations were extended to 
design the DWC by converting DWC into three simple columns. The DWC has 
more number of design variables than a conventional column. They introduced the 
concept of design space. The variables are graphically represented in a 3-
dimensional plot, which they have referred to as design space. The design space 
provides the information to find a mixture in the feasible region by the shortcut 
method. Attractive options are explored further with rigorous simulation. The 
design model was further validated by rigorous simulation using Aspen Plus.  
 
Schultz et al. (2002) have used HYSYS to optimize DWC for various applications. 
Hernandez et al. (2002) have presented a design procedure for thermally coupled 
distillation system in explaining the controllability of the TCDS. Shah (2002) 
suggested the use of shortcut design (FUG) and followed by detailed dynamic 
analysis. Details of rigorous simulation were not provided in this paper. He 
suggested that the complex column (such as FTCDS, DWC etc.) system shall be 
treated as a few simple columns to establish the design parameters. The detailed 
analysis can be done with commercial packages such as HYSYS.  
 
Blancarte-Palacios et al. (2003) have presented a conceptual design method for 
designing a thermally coupled column such as side rectifier and side stripper 
followed by Petyluk column. They have given a flow chart for optimization of the 





diagram for quick determination of feasible product specifications. They have 
presented a computation procedure for the construction of the Vmin diagram, and 
also used HYSYS to calculate the Vmin diagram by rigorous simulation. Jimenez et 
al. (2003) discussed the design and energy performance of Petyluk system using 
Aspen Plus. They did not provide details on how to carryout the simulation for 
such a system.  
 
Adrian et al. (2004) provided a rule of thumb that DWCs are most economical if 
the feed contains about 70% of middle boiling component and the remaining 15% 
each of the lights as well as the heavies. Kolbe and Wenzel (2004) have mentioned 
that Uhde has come out with their own model to interface with HYSYS to optimize 
the design of a DWC. The reason is that the DWC turns out to be attractive for 
most of the petrochemical applications. Lee et al. (2004) have used HYSYS to 
design and optimize the FTCDS, which can very well be extended to DWC. 
Wenzel and Rohm (2004) have presented a detailed procedure for cost optimization 
for DWCs. The design optimization is through shortcut method as well as by an 
evolutionary algorithm (EA). The calculation model for optimization of a DWC 
system had an interface with Aspen Plus.  
 
Kim (2006) has proposed a system with a pre-fractionator and a post-fractionator to 
the main column. He employed HYSYS to do its performance evaluation, and 
discussed some of the elements used in HYSYS with a flow chart representing the 
configurations. This can be extended to DWC. He did not discuss in detail on how 





stage, number of stages on each side of the divided wall, etc.) for rigorous 
modeling of a DWC in HYSYS. 
 
2.4 Applications of DWCs 
 
A search of the open literature had revealed that several applications of DWCs 
were successfully studied and/or tried. Some applications involve a side draw 
stream in a single column convention. These applications can be tried in DWC 






















Application studied is separating a mixture of n-hexane, n-heptane and n-
octane. No specific design methods were dealt. DWC is compared with the 





Application used is separation of close boiling mixtures of C4’s - separate 
1-butene from the feed mixture containing i-butane,1-butene, n-butane, 






DWC Authors have used the same application as used by Triantafyllou and Smith (1992). In addition, a case study on separation of alkane mixtures 
containing 2-methylbutane, pentane, hexane and heptane with DWC is 
discussed.  
 
Concluded that DWC will 
have capital cost savings in 
addition to all the savings 






Direct Sequence  
Applications cited as examples are separation of  
1) acetaldehyde-methanol-water  
2) acetone-chloroform-benzene 
3) ethanol-water-ethylene glycol system 
 
These applications are 






DWC Application in the first paper is the separation of methanol, iso-propanol 
and butanol. The second paper deals with simulation and pilot plant studies 





TCS Application considered is the separation of air to produce argon in a TCS.  
 
Concluded that TCS is 
advantageous compared to 













Hairston et al. 
(1999) 
DWC Application referred is the separation of pure ethyl acetate from the 
mixture of lower and higher boiling impurities developed by Sumitomo 
for Kyowa Yuka Ltd., Japan. 
 
Application commercialized 
with a DWC. 




Case study is the replacement of a conventional depropanizer and 
debutanizer by a DWC 
 
 
Rev et al. (2001) FTCDS and 
Conventional 
column system 
Case study is the separation of a mixture containing ethanol, n-Propanol 
and n-Butanol for comparing energy consumption and cost advantages of 




Shah (2002) FTCDS and 
DWC 
Separation of LPG from mixed pentanes and a heavy end in a light-end 





DWC Separation of equimolar mixture of benzene, toluene and o-xylene  
Schultz et al. 
(2002) 
DWC One application suggested is the linear alkyl benzene (LAB) complex and 




Palacios et al. 
(2003), 
Harlvorsen et al. 
(2003) and 
Jimenez et al. 
(2003) 
FTCDS All three works considered equimolar mixture of n-pentane, n-hexane,n-











Adrian et al. 
(2004) 











DWC Reduction of benzene in gasoline and separation of BTX. Discussed retrofitting an 
existing column and benefits 
achieved 
Kim (2006) FTCDS and 
DWC 
Two applications referred here.  One is the fractionation of BTX and the 
other is the gas concentration process to produce gas products from a gas 
mixture containing methane, ethane, propene (in Lights), propane (as 
middle component), i-butane, i-butene, n-butane, i-pentane and n-pentane 
in heavies 
 
BTX production is one of the 
largest energy consumers in 
a cracker plant. 
Rangaiah et al. 
(2006) 
Conventional 
Column with a 
Side Product 
1) Mixture of Benzene, Toluene and Biphenyl 
2) Mixture of Alkanes 
3) Mixture of Benzene, Toulene and p-Xylene. 
 









2.5 Summary  
 
Open literature discussed above reveals the background and attractiveness of 
DWC system. The DWC system will have more prospects in the immediate future 
due to high escalation in oil prices. Out of the papers discussed, three papers 
provide details on design of FTCDS and DWC. Triantafyllou and Smith (1992) 
have provided a systematic procedure on how to design a Petyluk system, 
parameters which affect the design, usage of Fenske-Underwood-Gilliland (FUG) 
correlations for initial short cut design, etc. Amminudin et al. (2001) have 
provided more information on doing a systematic design for Petyluk system as 
well as DWC. Muralikrishna et al. (2004) have provided details on a systematic 
design using short cut for optimization of DWC. The design procedures used by 
various researchers have their own merits and demerits. However, detailed 
procedure on how to model the FTCDS or DWC in HYSYS leading to rigorous 
simulation are not available. In addition, there was not enough information on 
retrofitting a conventional column system to a FTCDS or DWC. Especially with 
high escalation of energy cost, this would be of great interest to most of the 
industries that would like to enhance the benefits by reducing their operating cost. 
This has provided a drive to focus our research in the following areas. 
• Development of a detailed procedure using HYSYS leading to rigorous 
simulation for FTCDS/DWC.   






Several applications have been used in the literature; out of these, the following 6 
applications were selected to investigate and discuss the techno-economic 
evaluation of FTCDS/DWC system. 
1. Mixture of Benzene, Toulene and p-Xylene (commonly known as BTX). 
2. Mixture of Benzene, Toulene and Ethylbenzene (BTE). 
3. Mixture of Ethanol, Water and Ethylene glycol system (EWEG). 
4. Conventional Depropanizer and Debutanizer. 
5. Mixture of Ethanol, Propanol and Butanol (EPB) 
6. Mixture of n-pentane, n-hexane and n-heptane. 
The subsequent chapters deal with the design procedure and study details in using 
the DWC for above applications both as part of a new design as well as retrofitting 






SIMULATION AND OPTIMISATION OF A DIVIDED WALL 
COLUMN 
 
3.1 Problem definition 
 
This chapter presents the simulation and optimization procedure of an 
FTCDS/DWC including its sizing and costing, using BTX application (Rangaiah et 
al., 2006) as the example. The specifications of this application are provided below. 
Feed Conditions: 
Benzene   : 0.33 mole fraction 
Toluene    : 0.33 mole fraction 
p-Xylene  : 0.34 mole fraction 
Flow rate: 100 kgmol/h, Pressure: 10.5 atm, saturated liquid 
Product Specifications: 
Benzene : 99.5% purity by molar basis 
Toluene : 91% purity by molar basis 
p-Xylene : 92% purity by molar basis 
Other conditions: 
Column Pressure: 10 atm  
Condenser: Total Condenser 
Fluid Package: Peng-Robinson 
 
For explaining the procedure for simulating and optimizing a FTCDS/DWC, it is 





column using HYSYS.  The procedure for simulating the conventional 2-column 
system is presented in Appendix A.  
 
3.2 Design method and principle 
 
As discussed in Chapter 2, the design of DWC is based on FTCDS. It is important 
to know the working principle of FTCDS and variables required to complete the 
design of the FTCDS/DWC. Figure 3.1 presents the sketch of a FTCDS with the 












Figure 3.1 Variables to be known or estimated for FTCDS Design  
Figure 3.1 shows the feed entering the prefractionator T-100. Vapor100-out and 
Liquid100-out were the output material streams, which form the feed for column T-
























No. of stages 









which are recycled to column T-100. Hence, these material streams can be 
considered as inlet streams to a unit, whose simulation requires the flow rate, 
temperature, pressure and composition of the respective inlet streams. Further, the 
number of stages in each column and the location of its inlet streams (i.e., Feed to 
T-100 and Vapor100-Out & Liquid100-Out to T-101) have to be known or fixed 
for performing the simulation. It is assumed that the draw stage for Liquid101-Out 
is the same as the feed stage for Vapor100-Out, and the draw stage for Vapor101-
Out is the same as the feed stage for Liquid100-Out. It can be observed that some 
information is available and others have to be estimated for simulation.  
 
The flow chart in Figure 3.2 summarizes the steps involved in the selection, design 
and implementation of a FTCDS system. This flow chart shows the inputs required 
at the start, tools used in various stages and necessary planning to perform the 
simulation and complete the design. The feed conditions, product specifications, 
column operating conditions are available from the example data in Section 3.1. 
The fluid package (i.e., thermodynamic model for predicting physical properties of 
components and mixtures required for process simulation) is also given in the 
example. HYSYS provides guidance on selection of the fluid package for various 
components and process conditions. Accordingly, suitable thermodynamic models 
are chosen initially, and then validated with the available experimental data 
(Gmehling et al., 1997). Predicted vapor-liquid equilibrium (VLE) data by the 
thermodynamic model selected for the BTX example are compared with the 
experimental data in Appendix B. It can be seen that the selected fluid package 





initial estimates for the variables shown in Figure 3.1. These are obtained from the 
short cut method in HYSYS; details are provided in subsequent sections of this 
chapter.  
 
      


















Figure 3.2 Flow chart - steps involved in the design of the column 
START
Feed composition, conditions such as 
pressure, temperature, quality etc. 
Product specifications 
Column operating pressure 
Thermodynamic fluid package 
Simulation with process simulators 
Optimization with suitable tools 
Sizing of the columns, reboilers and 
condensers
Costing of the column, reboilers and 
condensers 
Operating cost, capital cost, annual cost 












Next, the simulation for the case is carried out in HYSYS followed by 
optimization. Optimized values are taken corresponding to the lowest reboiler duty 
among the various parameters. Sizing of the column, reboiler and condenser were 
done from the optimized values using an Excel program. This program includes the 
calculation of capital cost, operation cost as well as annualized cost. 
 
3.3 Simulation procedure with HYSYS 
 
Literature shows that mathematical models are used to design the FTCDS/DWC 
and confirm the design using HYSYS/Aspen Plus.  However, a detailed and 
systematic procedure for the design and simulation of FTCDS (DWC) using 
HYSYS was not provided in the open literature. This chapter provides a step-by-
step procedure to design the DWC with HYSYS starting with the problem data 
such as feed specifications, product specifications, column pressure and 
thermodynamic package. The design of a FTCDS/DWC involves the following 
main steps. 
• Short cut distillation for finding initial estimates of variables required for 
rigorous simulation 
• Rigorous simulation of FTCDS 
• Optimization of the system 







3.4 Short cut distillation for initial estimates 
 
Two approximate shortcut methods for simple distillation of multi-component 
mixtures are the Smith-Brinkley (SB) method and Fenske-Underwood-Gilleland 
(FUG) method (Seader et al., 1997). The former method is based on finite-
difference equations for staged separation processes, can be used when stages and 
inter-stage flow rates are known, and hence is a rating method. The FUG method 
combines the Fenske's total-reflux equation and Underwood’s minimum-reflux 
equation with the Gilliland’s correlation relating actual column performance to 
total- and minimum reflux conditions for a specified separation between two key 
components.  
 
The FUG method is convenient for a new-column design with the following 
specifications: ratio of reflux to minimum reflux, and purity of distillate and 
bottoms with respect to the heavy and light key respectively. Fenske's equation is 
used to calculate the minimum number of ideal stages (Nm) for a specified 
separation at total reflux. Underwood's equations are used to estimate the minimum 
reflux ratio (Rm). The empirical correlation of Gilliland can then be used to find 
number of stages (N) for any specified reflux ratio (R). Note that the feed location 
is automatically specified as the optimum one; this is assumed in the Underwood 
equations. The assumption of saturated reflux is also inherent in the Fenske and 
Underwood equations. The short cut distillation in HYSYS is built on this FUG 






According to Amminudin et al. (2001), the three short cut columns as shown in 
Figure 3.3 are equivalent to a DWC/FTCDS shown in Figure 3.1. We use this 
model for short cut calculation to obtain the necessary estimates only. The column 
T-100 is equivalent to the prefractionator of the FTCDS. The columns T-101A and 
T-101B together are equivalent to the main column of the FTCDS.  Importantly, 
the stream Side1 and Side2 shall have the same purity/composition so that their 
flows can be added. The condenser used in the column T-100 is a partial condenser 
and hence Distillate1 is a vapor stream. 
 
Figure 3.3 Flow sheet with short cut columns for simulating a FTCDS 
 
For simulating the FTCDS by three short cut columns, a new case is opened in 
HYSYS, benzene, toluene and xylene are selected as the components, and the fluid 
package is selected as Peng Robinson. A short cut column T-100, the material 
streams (Feed, Distillate1 & Bottom1) and energy streams (Reb100 & Cond 100) 
are added to the flow sheet as shown in Figure 3.3. The Feed is defined as per the 






Parameters such as column pressure, external reflux ratio, molar purity of the light 
and heavy keys are defined in the “Parameters” section. The column T-100 spreads 
the middle component (toluene) to top and bottom in a proportion so that majority 
of the lights (benzene) along with a portion of the middle component (toluene) go 
through the top of the column as Distillate1. Similarly, heavies (xylene) and 
balance toluene go to the bottom of the column as Bottom1. Here, the light key 
component (in heavies) is taken as benzene and heavy key component (in lights) is 
taken as xylene. For an initial estimate, mole fraction of light and heavy key in 
bottoms and distillate are taken as 0.02. The condenser pressure and reboiler 
pressure are specified as shown in Figure 3.4. The external reflux ratio can be 
provided as 1.2 times the minimum reflux ratio based on heuristics. With these 
inputs, the short cut column for T-100 converges. 
 
Figure 3.4 Specifying the light key in bottoms and heavy key in lights for T-
100 column 
The short cut column T-101A, its material streams (Distillate & Side1) and energy 





entered in the parameter section as shown in the Figure 3.5. Column T-101A 
separates benzene and toluene mainly and hence the light key in the bottom is 
benzene and heavy key in the lights is toluene. Since the purity of benzene in 
Distillate is 99.5% (product requirement) the balance is assumed as toluene. Hence 
toluene in Distillate (heavy key component in lights) will be 0.005 mole fraction. 
On the other hand, toluene is at 91% purity for the side stream (as per the product 
requirement), assume maximum benzene allowed in Side1 (heavies for column T-
101A) as 5% (0.05 mole fraction). Similar to column T-100, enter the values for 
condenser pressure, reboiler pressure and external reflux ratio as per Figure 3.5. 
With these inputs, shortcut column calculations will come to completion. 
 
 
Figure 3.5 Light key and heavy key specifications for column T-101A 
 
Similarly, another short cut distillation for T-101B, the material streams (Bottom1, 





sheet as shown in Figure 3.3. This column separates toluene and xylene, and hence 
light key in bottoms is toluene and heavy key in distillate is xylene. Since the purity 
of xylene in Bottom is 92% (as per product requirement), the balance is assumed to 
be toluene. We assume the xylene, which goes to the top as 4% similar to the 
stream Side1. Accordingly, the lights, heavies, condenser and reboiler pressure, and 
external reflux ratio are specified as per values shown in Figure 3.6 to complete 
shortcut simulation of column T-101B. 
 
 
Figure 3.6 Light key and heavy key specifications for column T-101B 
 
The complete simulation of the three shortcut columns (Figure 3.7) shows that the 
composition of Side1 and Side2 are not the same but these should be equal to treat 
both of them as the side stream of the main column in the FTCDS. Hence, by trial 
and error, the light and heavy key component values of column T-100 (Figure 3.4) 





values of light and heavy key component values of column T-100 is 0.017 and 
0.0129, respectively. 











3.5 Rigorous simulation 
 
FUG method for short cut distillation calculations is based on several assumptions: 
The short cut method is based on assumptions that the relative volatility of any two 
components is constant, the liquid/vapor molar flow rate is constant on all stages, 
and a single feed (except for the reflux and boilup streams). One or more of these 
assumptions is often not valid and hence rigorous simulation is necessary. 
 
Once short cut estimates are completed, the estimates obtained can be used to 
initiate the rigorous simulation of the FTCDS using HYSYS or some other way to 
get the accurate results. The approaches for rigorous simulation involve less 
number of assumptions and are more realistic than FUG equations; they are 
equilibrium-stage models and rate-based models. The former uses mass, 
equilibrium, summation of mole fractions and enthalpy (MESH) equations for each 
stage. The resulting large number of nonlinear equations are solved using a suitable 
numerical method. The rate-based models use mass transfer rates. Equilibrium-
stage models are more common in simulators and are generally adequate for nearly 
ideal distillation systems (Seider et al., 2003). These models in HYSYS and other 
simulators are employed in both research (e.g., Re´v et al., 2001; Lee et al., 2004; 
and Kim, 2006) and industry (e.g., Schultz et al., 2002; and Wenzel and Rohm, 
2004). 
 
Rigorous simulation used in the present study is based on the equilibrium-stage 





using HYSYS. First, a new case is opened in HYSYS. The components benzene, 
toluene, p-xylene are added in the component list. The fluid package is chosen as 
Peng Robinson package. The FTCDS has two recycle loops and hence requires two 
recycle blocks for its simulation as shown in Figure 3.9. 
 
 
Figure 3.9 Flow sheet of rigorous simulation of FTCDS 
 
The placement of recycle blocks is guided by the availability of initial estimates for 
Vapor101-In and Liquid101-In from short cut calculation. Note that estimates for 
Liquid101-Out and Vapor101-Out are not available; hence, T-100 cannot be 
simulated since these 2 streams are the additional input streams to it. Distillation 
unit T-101, the material streams: Feed, Vapor100-Out, Liquid100-Out, Vapor101-
Out and Liquid101-Out for column T-100, and Distillate, Side and Bottom for 
column T-101 are added to the flow sheet as shown in Figure 3.9. To initialize the 
recycle stream, a recycle block has been added to the flow sheet: one RCY-1 for 





Vapor101-In are connected as inlet and outlet to RCY-1, respectively. Similarly, 
Liquid100-Out and Liquid101-In shall be connected as inlet and outlet to RCY-2, 
respectively. RCY-1 and RCY-2 can be adjusted for its tolerance. The pre-
fractionator does not have a reboiler and condenser, and can be simulated by an 
absorber column. Hence, an absorber column is added to the flow sheet as T-100 
for prefractionator (Figure 3.9).  
 
The stream data of Vapor101-In and Liquid101-In obtained from short cut 
estimates is used in this simulation. The column parameters are entered by 
connecting the necessary streams, providing the number of stages, stage location 
for Vapor101-In, Liquid101-In, Side, Liquid101-Out and Vapor101-Out as shown 
in Figure 3.10. The stage number for Liquid101-Out is the same as Vapor100-Out 
entry stage. Similarly Vapor101-Out has the same stage number as Liquid100-Out. 
The short cut calculations give an initial estimate for the number of stages for T-
101A and T-101B, which is equivalent to the main column T-101 in rigorous 
simulation. The no of stages is taken as 36 + 30 + 2 = 68; here, 36 and 30 are the 
number of stages from short cut calculation of T-101A and T-101B respectively, 
and 2 stages are added because of 2 condensers and 2 reboilers in short cut 
calculations whereas rigorous simulation of the main column has only one 
condenser and one reboiler. The feed stage of Distillate1 and Bottom 1 (both from 
short cut estimation) is taken as feed stage for Vapor101-In and Liquid101-In in 
the rigorous simulation. Similarly, Side draw location was selected based on the 
output from short cut calculations. The number of stages of T-101A (in short cut) 





side stream draw stage is taken as 36. The energy streams CondDuty and RebDuty 




Figure 3.10 Input parameters for column T-101 
 
Column T-101 has 5 degrees of freedom and hence five specifications shall be 
provided. The product purity in each stream: namely, benzene purity in Distillate, 
toluene purity in Side and p-xylene purity in Bottom are specified as part of the 
column active specification. The rate of Liquid101-Out and Vapor101-Out are also 
added and specifications are completed as per Figure 3.11. With the activation of 
the “Run” button the column T-101 converges after a few iterations. Now, the 







Figure 3.11 Specifications for rigorous simulation 
 
Column T-100 has no degree of freedom and no specification to be given. This 
column is analogous to column T-100 simulated via shortcut calculations. Hence, 
the number of stages, feed location and pressure profile etc., were provided based 
on the initial estimates obtained from shortcut estimation. The converged column 
T-100 is shown in Figure 3.12. The complete flow sheet should converge after 
several iterations due to the two recycle blocks; in these iterations, temperature, 
pressure and component flow rates of outlet stream of the recycle block are iterated 
until they are the same as those of the inlet stream of the recycle block. The 











Initial design obtained by short cut calculations and rigorous simulation is not the 
optimum solution. The design needs to be optimized; the studies of Lek (2002) and 
Chan (2005) on distillation columns show that operating cost is the major part of 
the total annual cost and that minimizing reboiler/condenser duty (or equivalently 
reflux ratio) minimizes operating cost and leads to nearly optimal design of 
columns. Hence, the FTCDS design is optimized by minimizing the reboiler duty. 
   
 






Figure 3.13 Final (converged) FTCDS by rigorous simulation 
 
The design variables affecting the reboiler duty are listed below. 
1. Liquid101-Out draw rate 
2. Vapor101-Out draw rate 
3. Feed location of Vapor101-In to T-101  
4. Feed location of T-100 
5. Feed location of Liquid101-In to T-101 
6. Side draw location 
7. No of stages in column T-100 
8. No of stages in column T-101 
Optimization of the FTCDS via a four-step procedure is illustrated below for the 
BTX application. Each of the first six variables is varied systematically and 
sequentially. The last two variables (number of stages in T-100 and T-101 given by 
short cut calculations) are not varied as their effect is expected to be marginal 





mole fractions versus stage number can be used to identify the optimum feed stage 
to achieve the lowest reboiler duty. The optimum feed stage is that where the key 
ratio in the liquid or vapor (depending on whether the feed is liquid or vapor) is 
close to the key ratio of the feed stream; this will ensure that the feed composition 
is comparable to that on the stage thus minimizing re-mixing.  
 
3.6.1 Step 1: Optimize feed location of Vapor101-In to  column T-101 
The Vapor101-In is an input stream to main column T-101 which enters the upper 
portion of the column. It splits into light key to top and middle key to below stages. 
In this example, the light key is benzene and middle key is toluene. Hence, the key 
ratio here is taken as benzene/toluene mole fractions, and the optimum feed zone is 
the region of stages where this key ratio in the vapor stream is closer to that in 
Vapor101-In. It can be seen from Figure 3.14 that the feed stage for Vapor101-In is 
between stages 14 and 20. To verify this, the feed stage was varied in suitable steps 
between stages 14 and 23; for each selection of feed stage, Vapor101-Out and 
Liquid101-out flow rates need to be optimized for minimum reboiler duty. The 





Figure 3.14 Plot of key Ratio in the vapor stream at different stages, for 
optimizing feed stage of Vapor101-In 
Recall that Vapor101-In stage is the same as the stage for drawing out Liquid101-
Out; similarly, Liquid101-In stage is the same as the stage for drawing out 
Vapor101-Out. Hence Liquid101-Out and Vapor101-Out draw stage numbers are 
not shown in Table 3.1. Vapor101-In stage number is varied to get the optimum 
feed location to column T-101, which is shown in “blue” in Table 3.1. For every 
change in Vapor101-In feed stage, the flow rate of Vapor101-Out and Liquid101-
Out are varied and optimized, which is shown in “red” in Table 3.1. The optimum 
for that particular stage number is the data corresponding to the lowest reboiler 
duty, which is highlighted in “bold” text. The optimum for complete Step 1 
























Key Ratio of Vapor101-In
between stages 











Stages Condenser Reboiler 





















                      
16 23 55 36 110 69.44 31 68 1418 1468 5.521 
16 23 55 36 115.7 69.44 31 68 1351 1401 5.082 
16 23 55 36 120 69.44 31 68 1333 1383 5.011 
16 23 55 36 125 69.44 31 68 1380 1430 5.243 
           
16 23 55 36 120 65 31 68 1376 1425 5.211 
16 23 55 36 120 69.44 31 68 1333 1383 5.011 
16 23 55 36 120 70 31 68 1333 1383 5.007 
16 23 55 36 120 75 31 68 1376 1426 5.203 
           
16 20 55 36 115 70 34 68 1355 1405 5.096 
16 20 55 36 120 70 34 68 1321 1371 4.908 
16 20 55 36 125 70 34 68 1348 1399 5.071 
           
16 20 55 36 120 65 34 68 1349 1399 5.048 
16 20 55 36 120 70 34 68 1321 1371 4.908 
16 20 55 36 120 75 34 68 1369 1419 5.138 
           
18 17 55 36 115 70 37 68 1348 1398 5.048 
18 17 55 36 120 70 37 68 1316 1366 4.877 
18 17 55 36 125 70 37 68 1355 1405 5.127 
           
18 17 55 36 120 65 37 68 1347 1397 5.064 
18 17 55 36 120 70 37 68 1316 1366 4.877 











Table 3.1 Optimize feed location of Vapor101-In to column T-101 (contd.) 
 
Feed Stage Flow rate (kgmol/h) 
No of 
Stages Condenser Reboiler 




















           
18 16 55 36 115 70 38 68 1347 1397 5.042 
18 16 55 36 120 70 38 68 1317 1367 4.892 
18 16 55 36 125 70 38 68 1369 1419 5.198 
           
18 16 55 36 120 65 38 68 1357 1407 5.097 
18 16 55 36 120 70 38 68 1317 1367 4.892 
18 16 55 36 120 75 38 68 1360 1410 5.079 
           
18 14 55 36 115 70 40 68 1341 1391 5.001 
18 14 55 36 120 70 40 68 1339 1389 5.077 
18 14 55 36 125 70 40 68 1432 1481 5.544 
           
18 14 55 36 120 65 40 68 1409 1459 5.384 
18 14 55 36 120 70 40 68 1339 1389 5.077 
18 14 55 36 120 75 40 68 1355 1404 5.045 
           
 
 
3.6.2 Step 2: Optimize feed location of Liquid101-In to  column T-101 
The data corresponding to the lowest reboiler duty is taken as the optimum 
obtained for that step (highlighted in yellow) and carried forward to step 2. The 
Liquid101-In is an input stream to main column T-101 which enters the lower 
portion of the column. It splits into middle key to top and bottom key to below 
stages. In this example, the middle key is toluene and the bottom key is xylene. 





optimum feed zone for Liquid101-in is the region of stages where this key ratio in 
the liquid is closer to that in Liquid101-In.  
 
The key ratio graph is plotted in Figure 3.15 to locate the optimum feed stage for 
Liquid101-In. It can be seen that this optimum feed stage is between the stages 50 
and 55. Hence, in this step, feed location of Liquid101-In is varied in the range 50 
to 55; for each selected feed location, the draw rate of Vapor101-Out and 
Liquid101-Out is varied to get the optimum result. Table 3.2 shows the data 
obtained in step 2. The data corresponding to the lowest reboiler duty will be taken 
as the optimum for this step.  
 
 
Figure 3.15 Plot of key Ratio in the liquid stream at different stages, for 




























Table 3.2 Optimize feed location of Liquid101-In to column T-101  
 
Feed Stage Flow rate (kgmol/h) 
No of 



















101 Duty (kW) Duty (kW) 
Reflux 
Ratio 
                      
18 17 55 36 120 70 37 68 1316 1366 4.877 
           
16 17 50 36 115 70 32 68 1335 1385 5.04 
16 17 50 36 120 70 32 68 1308 1358 4.848 
16 17 50 36 125 70 32 68 1359 1409 5.124 
           
16 17 50 36 120 65 32 68 1359 1409 5.091 
16 17 50 36 120 70 32 68 1308 1358 4.848 
16 17 50 36 120 75 32 68 1345 1395 5.048 
           
17 17 52 36 115 70 34 68 1331 1381 5.001 
17 17 52 36 120 70 34 68 1307 1356 4.845 
17 17 52 36 125 70 34 68 1354 1403 5.111 
           
17 17 52 36 120 65 34 68 1349 1399 5.066 
17 17 52 36 120 70 34 68 1307 1356 4.845 
17 17 52 36 120 75 34 68 1344 1393 5.031 
           
18 17 54 36 115 70 36 68 1342 1391 5.022 
18 17 54 36 120 70 36 69 1309 1359 4.868 
18 17 54 36 125 70 36 70 1354 1403 5.117 
           
18 17 54 36 120 65 36 72 1346 1396 5.06 
18 17 54 36 120 70 36 73 1309 1359 4.868 
18 17 54 36 120 75 36 74 1352 1402 5.057 
           
18 17 55 36 120 70 37 68 1316 1366 4.877 
           
 
 
3.6.3 Step 3: Optimize Side draw location in column T-101 
Starting with the optimum in step 2, draw location of Side stream is varied; for 





been varied to get the optimum result. Table 3.3 presents the data obtained during 
these optimizations. The data corresponding to the lowest reboiler duty is taken as 
the optimum and carried forward to the step 4. 
 
Table 3.3 Optimize Side draw location from column T-101  
 




















                      
17 17 52 36 120 70 34 68 1307 1356 4.845
           
17 17 52 32 115 70 34 68 1331 1380 5.019
17 17 52 32 120 70 34 68 1311 1360 4.901
17 17 52 32 125 70 34 68 1364 1413 5.205
           
17 17 52 32 120 65 34 68 1360 1410 5.162
17 17 52 32 120 70 34 68 1311 1360 4.901
17 17 52 32 120 75 34 68 1346 1395 5.06 
           
17 17 52 34 115 70 34 68 1329 1378 4.997
17 17 52 34 120 70 34 68 1305 1355 4.856
17 17 52 34 125 70 34 68 1357 1406 5.146
           
17 17 52 34 120 65 34 68 1352 1401 5.105
17 17 52 34 120 70 34 68 1305 1355 4.856
17 17 52 34 120 75 34 68 1344 1393 5.039
           
17 17 52 36 120 70 34 68 1307 1356 4.845
                      
 
 
3.6.4 Step 4: Optimize Feed location of column T-100 
The Feed enters the pre-fractionator T-100 which is the middle portion of the 
column. It spreads the lights to top and heavies to the bottom. In this example, the 





taken as benzene/xylene mole fractions, and the optimum feed zone is the region of 
stages where this key ratio in the liquid is closer to that in the Feed.  It can be seen 
from the key ratio plot (Figure 3.16) that the optimum feed stage of Feed is in the 
range 10 and 15. Hence, in step 4, the Feed location of column T-100 is varied in 
this range, and for each Feed location, the draw rate of Vapor101-Out and 
Liquid101-Out in T-101 have been varied to get the optimum result. Table 3.4 
presents the results obtained during this optimization. The data corresponding to 
the lowest reboiler duty is taken as the final optimum. 
 
Figure 3.16 Plot of key Ratio in the liquid stream at different stages, for 
































Table 3.4 Optimize feed location for column T-100 
 
Feed Stage Flow rate (kgmol/h) 
No of 
Stages Condenser Reboiler 




















                      
17 17 52 34 120 70 34 68 1305 1355 4.856 
           
11 17 52 34 115 70 34 68 1363 1412 5.131 
11 17 52 34 120 70 34 68 1326 1375 4.911 
11 17 52 34 125 70 34 68 1363 1413 5.153 
           
11 17 52 34 120 65 34 68 1357 1407 5.081 
11 17 52 34 120 70 34 68 1326 1375 4.911 
11 17 52 34 120 75 34 68 1376 1426 5.152 
           
14 17 52 34 115 70 34 68 1342 1392 5.049 
14 17 52 34 120 70 34 68 1313 1362 4.877 
14 17 52 34 125 70 34 68 1356 1406 5.141 
           
14 17 52 34 120 65 34 68 1350 1400 5.072 
14 17 52 34 120 70 34 68 1313 1362 4.877 
14 17 52 34 120 75 34 68 1355 1405 5.071 
           
17 17 52 34 120 70 34 68 1305 1355 4.856 
           
20 17 52 34 115 70 34 68 1325 1374 5.003 
20 17 52 34 120 70 34 68 1307 1357 4.915 
20 17 52 34 125 70 34 68 1363 1412 5.182 
           
20 17 52 34 120 65 34 68 1362 1412 5.144 
20 17 52 34 120 70 34 68 1307 1357 4.915 
20 17 52 34 120 75 34 68 1337 1386 5.039 
           
 
 
The effect of optimization procedure on heat duties of condenser and reboiler is 
shown in Figure 3.17. It is evident that optimization of feed and draw locations via 

























Figure 3.17 Effect of optimization on condenser and reboiler duties – BTX 
application 
 
Figure 3.18 present the simulation results of FTCDS (after optimization) for BTX 
application. The optimized values of heat duties in the flow sheet correspond to the 



















3.7 Sizing of column, condenser and reboiler for the FTCDS/DWC 
The next step after the optimization is to size the column, reboiler and condenser for 
the FTCDS and DWC. 
 
3.7.1 Sizing of column for FTCDS 
The technical data are retrieved from HYSYS flow sheet of the final optimized case. 
The sizing calculations for columns in FTCDS are similar to the conventional 2-
column system. However, there is slight difference in sizing for the DWC as it houses 
the prefractionator as well. A brief description is provided below. 
 
In general, column diameter should be sufficient enough to handle the respective 
maximum vapor and liquid flow rates in the column. The diameter here depends on 
mainly vapor flow rates. This will also ensure that the pressure drop is in the 
acceptable level.  Column diameter is determined by the flooding condition of the 
column that fixes the upper limit of vapor velocity. The operating velocity is normally 
between 70 to 90 percent of the flooding velocity (Sinnott, 2005). In this study, a 
value of 80 percent of the flooding velocity was used as the operating vapor velocity, 
Vact, which serves as a conservative estimate. 
 





ρ −= 1K           (3.1) 
where Vmax is the flooding vapor velocity in m/s and K1 is a constant which is 
dependent on tray spacing and liquid-vapor flow factor. A value of 0.07 m/s is taken 





factor below 0.2 (Sinnott, 2005). In most of the cases the liquid-vapor flow factor is 
below 0.2. 
max8.0 VVact ×=                    (3.2) 
The column diameter, D shall be calculated by: 
actvapV
GD πρ
4=         (3.3) 
where G is the vapor flow rate in kg/s, and vapρ is the vapor density in kg/m3, assuming 
vapor flow as constant. 
 
The column is usually fabricated in increments of 0.5 ft; so, the diameter calculated is 
rounded up to the nearest 0.5 ft. Due to an increase in column diameter, this results in 
a lower vapor velocity and hence this forms a more conservative estimate. 
 
3.7.2 Sizing of column for DWC 
The DWC is single shell housing the prefractionator. Figure 3.19 shows the similarity 
of the vapor flow rates between FTCDS and DWC.  The simulation is done for a 
FTCDS. The values can be retrieved from HYSYS and a DWC can be sized 
accordingly. The main column of FTCDS and the DWC has been divided into three 
sections namely top section, middle section and bottom section. The vapor flow rate 
Vt represents the vapor load in the top section, Vb the vapor load in the bottom 
section, V1 vapor flow to prefractionator, V2 vapor flow to main column (FTCDS) 
middle section, V3 being vapor flow from the prefractionator to main column, V4 
vapor flow from main column middle section to top section. When the prefractionator 



















Figure 3.19 Similarity of vapor flows in FTCDS and DWC 
 
Following equations can be derived based on Figures. 3.19. 
V1  + V2  = Vb                (3.4)   
V3  + V4  = Vt                                                                   (3.5)   
 
Figure 3.20 shows the cross section of prefractionator and main column for a FTCDS 
as well as a DWC. Area (A1) of the prefractionator shall be arrived as per the 
conventional column sizing (described above) and similarly Area (A2) of the main 
column of the FTCDS shall also be arrived. Figure 3.20 shows how the area of a 



































Figure 3.20 Similarity of column cross-section areas between FTCDS and DWC 
 
For DWC, cross sectional area A = A1 + A2                                            (3.6)   
where  A1 = 214
Dπ               (3.7)   
and  A2 = 224
Dπ              (3.8)   
where D1 and D2 are respectively diameter of the prefractionator and main column of 
the FTCDS.  
 
Nevertheless, column should be sized for the maximum vapor load and liquid load 
available from the HYSYS for each section. The diameter of all the three sections 
shall be calculated from the equations (3.1 to 3.8) based on vapor rate similar to the 
conventional column section. The middle section and bottom section will be usually 
the same or bigger than the top section. Depending upon the change in diameter, we 
can choose either to use a single diameter or step diameter (top section with smaller 
diameter). For the single shell diameter throughout the column, we have to take the 
















3.7.3 Tray spacing and column height 
The tray spacing, S depends on the column diameter. Treybal (1980) noted that a tray 
spacing of 0.5 m to be a more workable minimum from the point of cleaning the trays. 
Ulrich (1984) recommended that this spacing should be 0.5 m for columns with 
diameters up to 1 m and that spacing should be a function of diameter for wider 
columns. 
mS 5.0=   for D up to 1 m         (3.9)   
mDS 3.05.0=   for D greater than 1 m        (3.10)  
    
The simulation result obtained with HYSYS is based on ideal stage efficiency. A 
stage efficiency of 70% (Lek, 2002) has been taken and the cost was calculated based 
on increased number of trays.  
 
The height, H is determined by multiplying the number of real trays by the tray 
spacing and adding some additional space. It is common practice to include some 
additional space of 1.5 to 3 m (5 to 10 ft) at the top of the tower as vapor-liquid 
disengaging space (Douglas, 1988). Similarly, additional space at the bottom of the 
tower for a liquid sump is considered. Ulrich (1984) noted that an inactive height of 3 
m to account for vapor disengagement space and a liquid sump should suffice. As 
such, the column height is given by 
mSNH act 3+×=                        (3.11)   
The height of the column is calculated similarly for a FTCDS and a DWC. An 






3.7.4 Sizing of condenser and reboiler 
The design equation used for calculating the area of the condenser and reboiler is: 
LMTU
QA Δ=             (3.12)   
where A is the heat transfer area, Q is the quantity of heat transfer required, U is the 
heat transfer coefficient and LMTΔ is the logarithmic mean temperature difference 
given by: 




















       (3.13)   
An average of 510 W/m2.K (90 Btu/hr.ft2.°F) is assumed (Lek, 2002) for U of 
condenser. 
 
The cooling medium temperature difference is assumed as 10 deg. C. This depends on 
cooling water availability in the plant and restriction in supply and return temperature. 
The condensate temperature also affects this temperature difference where it requires 
a reasonable approach (condensate temperature – cooling water return temperature) 
such as at least 5°C. Otherwise, the condenser will be very big resulting in higher 
investment cost and associated cost. Usually, the condensers are placed on the higher 
level, which has an impact on structure or support and in turn on the foundation cost. 
Hence care should be exercised while sizing the condenser. 
 
The reboiler heat transfer area is calculated by the same equation as condensers. 
Kettle type of reboilers is assumed in this study. A conservative heat flux (= UΔTLM) 






3.8 Costing of column, condenser and reboiler for a FTCDS/DWC 
 
The cost correlations for the equipments are taken from Turton et al. (2003). The 
costing consists of estimating capital and operating costs. The capital cost for the 
distillation system consists of total module cost of column(s), reboiler and condenser. 
The costing for number of trays is taken with respect to the higher number of stages 
with 70% efficiency factor. The cost correlations should be updated with the current 
cost index; for this study, the Chemical Engineering Plant Cost Index (CEPCI) of 560 
was used. The total module cost is 18% more than the bare module cost of the 
column, trays, reboiler and condenser, which accounts for all the cost for the 
associated instruments, piping, structures etc. The total module cost will be treated as 
the total capital cost for the distillation system in this exercise. Operating cost is the 
sum of the utility cost of steam (for reboilers) and cooling medium (for condensers). 
The electricity, which is required for circulation pumps, is small and can be neglected.  
 
An Excel program has been prepared to perform the sizing of the columns, trays, 
reboilers and condensers followed by costing for the equipments. Details and 
equations of the costing of column, trays, condenser and reboiler are provided in 
Appendix C. Other costs details, which contribute to the capital cost and operating 








3.9 Results and discussion 
 
The above sections have presented the design, simulation, optimization, sizing and 
costing of the FTCDS. The final optimized solution (technical data) for the BTX 
application is presented in Figure 3.18. The sizing and costing calculations of columns 
for both FTCDS and DWC is presented in Tables 3.5 and 3.6, respectively.  The 
material of construction has been assumed as SS304 for the BTX application based on 
industrial practice. In some cases, carbon steel can be used but with restrictions. The 
sizing and costing of conventional column system is presented in Table 3.7. It can be 
seen that the annual cost of FTCDS and DWC is less than the conventional column 




A systematic procedure to design the FTCDS using HYSYS is presented. Subsequent 
to rigorous simulation using HYSYS, a 4 step method of optimizing the 
FTCDS/DWC is outlined. This produces the optimized result based on the lowest 
reboiler heat duty. Sizing and costing of columns, trays, reboiler and condenser in a 
FTCDS/DWC are described. An Excel program has been done to perform the sizing 
and costing calculation. The output of this program for the BTX application has been 
presented in Tables 3.5 and 3.6. This exercise motivated further to proceed with 
retrofitting the existing columns (operating in a simple conventional 2 column system) 





















































RETROFITTING A CONVENTIONAL COLUMN 




The word “retrofit” is getting very common nowadays. Retrofit in industries refers 
to upgrading the existing equipment by adopting new technologies, without 
increasing the capacity and making major investments. The objective is to operate 
the plant more efficiently to meet the market demands. Lower operating cost 
enables the respective industry to sustain the competition. Among operating costs, 
energy cost forms a major factor these days worldwide in any industry. 
Retrofitting is an option in industries to operate the plant at reduced operating cost 
with minimum additional investment. There are other factors, which drive the 
industries to reduce the energy consumption. Societal interest and environmental 
concerns are also important apart from competition. In this chapter, retrofitting a 
conventional column configuration into a FTCDS or DWC is described taking the 
BTX application as the example. 
 
The approach to retrofitting existing equipment is analogous to Environmental 
Management System (EMS), which presents the 3R principle of Reduce, Recycle 
and Reuse. 
• Reduce - is there a possibility to reduce energy consumption, wastage etc.? 
Optimize the operation without any modifications (e.g., changing to the 





• Recycle – if the process can be improved by adding any recycle so that more 
products can be recovered and also reduce wastage of materials. This could 
reduce the specific energy consumption. 
• Reuse – is there a possibility to reuse the existing equipments as much as 
possible while an attempt is made to change some of the equipments to new 
technologies? 
 
4.2 Retrofitting a distillation unit 
 
In the distillation unit, energy consumption takes predominance in selecting a 
system with better performance. There are a few options available in retrofitting a 
conventional column system to a new or better configuration, namely, thermal 
coupling, heat integration, vapor recompression etc. Thermal coupling is gaining 
increasing acceptance, especially with the increasing implementations of DWC 
(see Chapter 2). This is mainly due to its potential advantages such as reduced 
operating (energy) cost and reduced space requirements; the latter is very 
beneficial where space is a major factor in countries such as Singapore. 
 
The steps in retrofitting are shown in Figure 4.1. Accordingly, existing plant 
design such as feed specifications, product specifications and column operating 
data shall be collected from the existing plant. Equipment details such as column 
diameters, number of stages, area and arrangement of reboiler and condenser, and 
material of construction shall be available to start the study. Once these data are 
available, simulation of a FTCDS (or DWC) based on the available column data 





and condenser are sized for the optimized case and checked against the available 
equipments from the plant for reuse with FTCDS/DWC configuration. Some 
equipment can be reused without any modifications. Others can be reused with 
some modifications or cannot be re-used at all. In such cases, cost of the 
equipments that are to be newly bought and/or cost of modifications to the existing 
equipment, have to be included in the evaluation. 
 
4.3 Retrofitting a conventional column system to a FTCDS 
 
The BTX application with the same specifications as given in Chapter 3 is taken as 
the example to describe retrofitting the conventional column system to a 
FTCDS/DWC in a step-by-step procedure.  
 
The retrofitting starts with collecting the design and operating data from the 
existing plant as outlined in Figure 4.1. For the present study, the existing plant 
details are not available and hence a conventional 2-column system (shown in 
Figure 4.2) is designed and optimized with HYSYS, which will then be used for 
retrofitting. The column C-100 has 31 stages and C-101 has 40 stages in the 
conventional 2-column system. Here the bigger column (C-101) with more stages 
shall be used for the main column (T-101) in the FTCDS. The smaller column (C-
100) with less number of stages shall be used as the prefractionator (T-100) in the 
FTCDS. Since the feed and product specifications are the same, the HYSYS file 
can be reused for this exercise. Alternatively, a new case shall be opened in 































Feed and product specifications 
Design and operating data of the 
existing conventional column system 
Inputs required 
for simulation
Simulation with process simulators 




Sizing of the columns, reboilers and 
condensers
Costing of the column/reboiler/condenser 
as applicable (where existing equipments 
cannot be reused or require modification)  












Figure 4.2 A conventional 2-column system for BTX application 
 
Once the initial convergence point is obtained, the FTCDS system (Figure 4.3) 
needs to be optimized for minimizing the reboiler duty. The optimization 
procedure is similar to that described in Chapter 3 except for some minor 
modifications. The design variables affecting the reboiler duty are: 
1. Liquid101-Out draw rate 
2. Vapor101-Out draw rate 
3. Feed location of Vapor101-In to T-101  
4. Feed location of T-100 
5. Feed location of Liquid101-In to T-101 
6. Side draw location 
7. No of stages in column T-100: this is fixed by the existing column (C-
100 with 31 stages for the BTX example). Column with less number of 
stages is treated as the prefractionator. 
8. No of stages in column T-101: this is fixed by the existing column (C-
101 with 40 stages for the BTX example). Column with higher number of 





Optimization of the FTCDS using the columns in the conventional system, via a 
four-step procedure is described below. Each of the first six variables is varied 
systematically and sequentially; the last two variables (number of stages in T-100 
and T-101 fixed by the existing columns) are not varied.  
 
4.3.1 Step 1: Optimize feed location of Vapor101-In to column T-101 
The feed stage shall be varied in suitable steps; for each selection of feed stage, 
Vapor101-Out and Liquid101-Out flow rates need to be optimized for minimum 
reboiler duty. The results are presented in Table 4.1. Recall that Vapor101-In stage 
is the same as the stage for drawing out Liquid101-Out; similarly, Liquid101-In 
stage is the same as the stage for drawing out Vapor101-Out. Hence, Liquid101-
Out and Vapor101-Out draw stage numbers are not shown in Table 4.1. Vapor101-
In stage number is varied to get the optimum feed location to column T-101, 
which is shown in “blue” in Table 4.1. For every change in Vapor101-In feed 
stage, the flow rate of Vapor101-Out and Liquid101-Out are varied and optimized, 
which is shown in “red” in Table 4.1. The optimum for that particular stage 
number is the data corresponding to the lowest reboiler duty, which is highlighted 
in “bold” text. The optimum from Step 1 is highlighted. 
 
4.3.2 Step 2: Optimize feed location of Liquid101-In to  column T-101 
The data corresponding to the lowest reboiler duty is taken as the optimum 
obtained for the previous step (highlighted in yellow) and carried forward to the 
step 2. In this step, feed location of Liquid101-In is varied; for each selected feed 
location, the draw rates of Vapor101-Out and Liquid101-Out are varied to get the 





corresponding to the lowest reboiler duty will be taken as the optimum for this 
step.  
 
Table 4.1 Optimize feed location of Vapor101-In to column T-101 















                  
16 14 32 21 110 69.44 1860 1909 7.688 
16 14 32 21 115 69.44 1801 1850 7.375 
16 14 32 21 120 69.44 1884 1934 7.742 
         
16 14 32 21 115 65 1915 1963 7.867 
16 14 32 21 115 70 1804 1853 7.38 
16 14 32 21 115 75 1856 1905 7.611 
         
16 13 32 21 110 70 1845 1894 7.601 
16 13 32 21 115 70 1775 1824 7.254 
16 13 32 21 120 70 1852 1901 7.586 
         
16 13 32 21 115 65 1897 1946 7.769 
16 13 32 21 115 70 1775 1824 7.254 
16 13 32 21 115 75 1831 1881 7.482 
         
16 12 32 21 110 70 1831 1881 7.502 
16 12 32 21 115 70 1779 1828 7.248 
16 12 32 21 120 70 1871 1920 7.648 
         
16 12 32 21 115 65 1904 1955 7.783 
16 12 32 21 115 70 1779 1828 7.248 
16 12 32 21 115 75 1814 1863 7.416 
         
16 11 32 21 110 70 1829 1879 7.508 
16 11 32 21 115 70 1803 1853 7.388 
16 11 32 21 120 70 1920 1970 7.921 
         
16 11 32 21 115 65 1944 1994 7.995 
16 11 32 21 115 70 1803 1853 7.388 
16 11 32 21 115 75 1810 1860 7.375 







Table 4.2 Optimize feed location of Liquid101-In to column T-101 

















                  
16 13 32 21 115 70 1775 1824 7.254
          
16 13 34 21 110 70 1904 1953 7.84 
16 13 34 21 115 70 1834 1883 7.491
16 13 34 21 120 70 1883 1932 7.705
                  
16 13 34 21 115 65 1919 1969 7.868
16 13 34 21 115 70 1834 1883 7.491
16 13 34 21 115 75 1906 1956 7.79 
          
16 13 33 21 110 70 1861 1910 7.66 
16 13 33 21 115 70 1799 1849 7.347
16 13 33 21 120 70 1861 1911 7.634
                  
16 13 33 21 115 65 1901 1950 7.783
16 13 33 21 115 70 1799 1849 7.347
16 13 33 21 115 75 1855 1905 7.575
          
16 13 32 21 115 70 1775 1824 7.254
          
16 13 31 21 110 70 1852 1901 7.63 
16 13 31 21 115 70 1786 1836 7.269
16 13 31 21 120 70 1854 1903 7.587
                
16 13 31 21 115 65 1901 1951 7.787
16 13 31 21 115 70 1786 1836 7.269 
16 13 31 21 115 75 1828 1878 7.474
          
16 13 30 21 110 70 1881 1930 7.749
16 13 30 21 115 70 1797 1847 7.311
16 13 30 21 120 70 1870 1919 7.653
                  
16 13 30 21 115 65 1921 1971 7.865
16 13 30 21 115 70 1797 1847 7.311
16 13 30 21 115 75 1850 1899 7.571








4.3.3 Step 3: Optimize Side draw location in column T-101 
Starting with the optimum in step 2, draw location of Side stream is varied; for 
each selected draw location, the draw rate of Vapor101-Out and Liquid101-Out 
has been varied to get the optimum result. Table 4.3 presents the data obtained; the 
data corresponding to the lowest reboiler duty is taken as the optimum and carried 
forward to the step 4. 
   
4.3.4 Step 4: Optimize Feed location of column T-100 
In this step, the Feed location of column T-100 is varied; for each change of this 
Feed location, the draw rates of Vapor101-Out and Liquid101-Out in T-101 have 
been varied to get the optimum result. Table 4.4 presents the data obtained in these 
trials; the data corresponding to the lowest reboiler duty is the final optimum. 
 
The FTCDS is thus optimized for the given stages in T-100 and T-101. Note that 
the number of stages in the two columns is not optimized as they are fixed by the 
existing columns available for retrofit. Figure 4.3 present the FTCDS obtained 
from retrofitting the existing conventional column. The optimized values of heat 







Table 4.3 Optimize Side draw location of column T-101 















                  
16 13 32 21 115 70 1775 1824 7.254 
          
16 13 32 23 110 70 1921 1971 7.811 
16 13 32 23 115 70 1813 1863 7.243 
16 13 32 23 120 70 1843 1893 7.362 
                  
16 13 32 23 115 65 1893 1942 7.578 
16 13 32 23 115 70 1813 1863 7.243 
16 13 32 23 115 75 1897 1947 7.667 
          
16 13 32 22 110 70 1858 1908 7.591 
16 13 32 22 115 70 1780 1830 7.195 
16 13 32 22 120 70 1829 1879 7.366 
                  
16 13 32 22 115 65 1870 1920 7.575 
16 13 32 22 115 70 1780 1830 7.195 
16 13 32 22 115 75 1845 1895 7.489 
          
16 13 32 21 115 70 1775 1824 7.254 
          
16 13 32 20 110 70 1875 1924 7.807 
16 13 32 20 115 70 1827 1877 7.569 
16 13 32 20 120 70 1925 1974 8.029 
                  
16 13 32 20 115 65 1976 2025 8.213 
16 13 32 20 115 70 1827 1877 7.569 
16 13 32 20 115 75 1851 1900 7.667 
          
16 13 32 19 110 70 1972 2021 8.384 
16 13 32 19 115 70 1941 1991 8.209 
16 13 32 19 120 70 2089 2138 8.856 
                  
16 13 32 19 115 65 2141 2191 9.1 
16 13 32 19 115 70 1941 1991 8.209 
16 13 32 19 115 75 1931 1981 8.159 








Table 4.4 Optimize Feed location of column T-100 















                  
16 13 32 21 115 70 1775 1824 7.254 
                  
14 13 32 21 110 70 1857 1907 7.634 
14 13 32 21 115 70 1782 1831 7.241 
14 13 32 21 120 70 1846 1895 7.549 
                  
14 13 32 21 115 65 1880 1930 7.688 
14 13 32 21 115 70 1782 1831 7.241 
14 13 32 21 115 75 1840 1889 7.498 
                  
15 13 32 21 110 70 1850 1900 7.611 
15 13 32 21 115 70 1779 1829 7.237 
15 13 32 21 120 70 1847 1897 7.558 
                  
15 13 32 21 115 65 1885 1935 7.706 
15 13 32 21 115 70 1779 1829 7.237 
15 13 32 21 115 75 1834 1884 7.482 
                  
16 13 32 21 115 70 1775 1824 7.254 
                  
18 13 32 21 110 70 1844 1894 7.611 
18 13 32 21 115 70 1788 1838 7.31 
18 13 32 21 120 70 1873 1922 7.704 
                  
18 13 32 21 115 65 1927 1978 7.94 
18 13 32 21 115 70 1788 1838 7.31 
18 13 32 21 115 75 1829 1879 7.497 

















4.4 Retrofitting a conventional column system to DWC 
 
The DWC will have the same diameter or bigger than the column with the larger 
diameter (C-101) in the conventional 2-column system. Such a column needs to be 
cut in the middle and the divided wall section needs to be added for DWC. It is 
more appropriate to use the data for a new DWC and modify the existing column 
from the plant to achieve that configuration. The design data are taken from the 
example described in Chapter 3. Table 4.6 presents the calculations for retrofitting 
the existing column to a DWC for BTX application. In these calculations, the 
optimized, new DWC has a diameter of 0.9 m, 17 stages in the top, 35 stages in 
the middle and 16 stages in the bottom sections. The C-100 column existing in the 
plant has a diameter of 0.9 m with 31 stages. The number of stages in this column 
is less than the total stages of top and bottom section of the new DWC by 2 stages. 
Hence this column can be cut with top section as 15 stages and bottom 16 stages. 
A column section with 2 trays is separately shop fabricated and added to complete 
the top section during retrofitting. 
 
The middle (i.e., divided wall) section shall be newly fabricated in the shop with a 
diameter of 0.9 m and assembled at site. The vertical, divided wall is made with 
insulation to avoid heat transfer across it. New trays (35 stages) need to be added 
in this middle section on either side of the divided wall. The top portion of the 
existing column will be removed, middle section is added to the bottom section 
and then the top section is placed back on top of the middle section. After this, the 





completed by connecting the respective pipe lines to the column. The entire 
column will be tested thoroughly via non destructive testing, pressure test and 
other testing as per the local statutory regulations in force before being put into 
service. Subsequently the column will be certified for use in operation by the local 
authorities. 
 
The techno-economics shall be evaluated after the sizing of all columns and heat 
exchangers.  
 
4.5 Retrofit procedure and implications at site 
 
While retrofit is an attractive option, its implementation is not easy as compared to 
the new plants. The factors, which affect the retrofitting exercise, are: 
• Techno-economic feasibility of retrofitting operation 
• Existing plant condition  
• Location of the existing columns and exchangers 
• Experienced contractors and other resources to perform retrofitting at site 
• Project management with a clear retrofitting execution plan 
• Management approval and financial support 
 
4.5.1 Techno-economic feasibility of retrofitting operation 
This is to identify the possibility of retrofit to enhance the performance and 
thereby gain savings in operation cost with minimal or no additional investment. 





there is a difference in the performance or energy savings. It has to show that the 
retrofit is possible technically without affecting the process. Once technical 
feasibility is established, it is important to check for economic viability. The key 
point of this exercise is to check the possibility of reusing as many of the 
equipments in the plant as possible. This will reduce the investment cost. This 
analysis will provide the techno-economics of the entire operation with an 
indication of payback period. 
 
4.5.2 Existing plant condition 
Existing plant condition is important, and so the retrofit equipment as well as the 
equipments/systems connected with it, should be checked or monitored for their 
condition to perform the new operation. If it is not suitable for performance under 
the duty condition (on the process/thermal design point of view) or the mechanical 
stability/integrity of the equipment, then those equipments will be affected. Such 
changes have to be taken up for repair/modifications and added to the cost. 
 
4.5.3 Location of the existing equipment for retrofitting 
Location of the existing equipment being investigated for modification is 
important for retrofitting. The distillation column, for example, may have some 
structures for pipe supports. If this equipment is subject to removal or 
modification, then there is a possibility that the piping attached to it will also be 
affected. The piping has to be separated from the attachments to the column, and 
temporary supports have to be provided to hold the piping until completion of the 





be lifted or some sections need to be replaced, the location and access are 
important to plan the crane and other type of facility. It is important to know where 
to park the crane to lift the column. If the space is not available near the column, 
then it will be parked at a distance, the crane should have sufficient capacity and 
overhang to handle the column from such a distance. Another reason which 
location affects is the process condition for downstream equipments such as net 
pump suction head for pumps. 
 
4.5.4 Experienced contractors and resources 
Experienced contractors and resources ensure smooth retrofitting; they will take 
adequate safety measures as well as plan in detail on the execution plan. The 
resources available with them in terms of people, machines and equipment help a 
safe and successful retrofitting. The experienced contractors shall be technically 
sound to understand and carry out the necessary testing as per the local statutory 
regulations with respect to that industry. For example, hot welding, cutting or 
modification require non-destructive testing such as X-ray/gamma ray, ultrasonic 
testing and dye penetration testing to check if the quality of the welding is 
acceptable as per the codes and regulations. Subsequently, the column is subjected 
to pressure testing such as hydrostatic testing, leak test such as pneumatic testing 
to check for possible leaks as well as the mechanical integrity of the equipment. In 
some industries, special testing such as helium testing has to be done to check if 
the equipment is sound and good for startup and operation. There are codes and 
standards (ASME Section VIII, Division.1) available for a repair or rework of the 





full compliance. The vessels and exchangers have to be re-registered for operation 
as per the statutory regulations. 
 
4.5.5 Project management and clear retrofitting plan 
Project management plays a key role in preparing a clear retrofitting plan. The 
project plan is usually prepared by the project management team to achieve the 
objectives of the project. The project management monitors and controls the 
budget, resource planning and time schedule.  
• Time is the essence in the retrofit operation as this has to be done in 
minimal time. A shutdown should be planned to ensure that the complete 
operation can be carried out successfully meeting the budget, available 
resources and within the planned time. Otherwise, this will result in 
additional cost in terms of production/profit loss. 
• Planning of resources, appointing the right contractors, evaluating the 
technical and commercial risks etc. are key activities of planning. All the 
affected systems need to be put back for proper operation. In addition, the 
statutory approvals from the local authorities are required if certain 
equipments such as pressure vessels, columns, heat exchangers, piping etc. 
are to be modified at site. Coordination and communication plans have to 
be drafted and executed properly. 
• Budget depends upon the complete planning of the operation, contingency 
etc. Organizing all the lead activities within the estimated cost leads the 






4.5.6 Management Approval and Financial Support  
It is very important to come out with a good and reliable report on techno-
economics of the retrofit operation and project execution plan to present them to 
the Management/Board and obtain approval. The report needs to be fairly 
accurate; otherwise, the organization may face eventual financial difficulties. An 
attractive payback will allow the Management to take easier and faster decision to 
approve the retrofit operation. 
 
4.6 Results and discussion 
 
The sizing and costing of column, reboiler and condenser for retrofitting a 
conventional column system (for BTX separation) to a FTCDS and DWC are 
presented in Tables 4.5 and 4.6 respectively. They are based on the simulation and 
optimization of the FTCDS and DWC described above. There are 2 columns with 
trays, 2 condensers and 2 reboilers available from the plant (which is currently 
operating a conventional 2-column system).  
 
Column system: Both the prefractionator and the main column need to be sized 
similar to the procedure discussed in Chapter 3. The column diameter should 
match with the columns available from the conventional 2-column system. Tables 
4.7 and 4.8 present the nozzle modifications/requirements for retrofitting the 
conventional column C-100 to FTCDS – column T-100 (prefractionator) and for 
retrofitting the conventional column C-101 to FTCDS – main column T-101. The 





HYSYS simulation. Nozzles with sizes in acceptance for the new flow rates will 
be retained and the remaining are added new to the respective column. 




























Table 4.7 Nozzle modification in retrofitting the conventional column C-101 












1 Overhead to 
condenser 
Top Vapor100-Out Top Has to be sized and 
can be reused 
2 Reflux 
nozzle 
1 Liquid 100-In 1 Has to be sized and 
can be reused 
3 Feed 18 Feed 16 Has to be sized and 
can be reused. 
Relocation of nozzle 
required. 
4 Vapor from 
reboiler 
31 Vapor100-In 31 Has to sized and can 
be reused. 








Has to be sized and 
can be reused. 
 
Table 4.8 Nozzle modification in retrofitting the conventional column C-100 












1 Overhead to 
condenser 
Top Overhead to 
condenser 
Top Has to be sized and 
can be reused 
2 Reflux 
nozzle 
1 Reflux nozzle 1 Has to be sized and 
can be reused 
3   Vapor101-In 13 New nozzle 
4   Liquid101-Out 13 New nozzle 
5   Side Stream 21 New nozzle 
6 Feed 26 Liquid 101-In 32 New nozzle 
7   Vapor101-Out 32 New nozzle 
8 Vapor from 
reboiler 
40 Vapor100-In 40 Has to sized and can 
be reused. 






Has to be sized and 
can be reused. 
 
Table 4.9 presents the nozzle modifications/requirement for retrofitting the 





Out, Vapor101-In, Vapor101-Out and Liquid101-In are internally connected and 
hence there is no requirement for external nozzles. Associated piping systems need 
modifications for changing the pipe routing, incorporating supports and other 
fittings for both FTCDS and DWC.  
 
Table 4.9 Nozzle modification in retrofitting the conventional column C-100 












1 Overhead to 
condenser 
Top Overhead to 
condenser 
Top Has to be sized and 
can be reused 
2 Reflux 
nozzle 
1 Reflux nozzle 1 Has to be sized and 
can be reused 
3   Side Stream 21 New nozzle 
4 Feed 18 Feed 34 Nozzle can be reused 
but need to relocated. 
5 Vapor from 
reboiler 
68 Vapor100-In 68 Has to sized and can 
be reused. 






Has to be sized and 
can be reused. 
 
Reboiler and condenser system: The new heat duties and sizes for condenser and 
reboiler (for FTCDS) shall be checked for reusing the existing condenser and 
reboiler for the main column. If this meets the requirement, then there is no need 
for modifications. The product specifications, operating pressure and temperature 
profile will be more or less similar to existing conditions. Hence, cooling water 
and hot utility will also have the same requirement proportional to the heat duties. 
However, if duties of the condenser and/or reboiler do not meet the requirements, 
then the condenser/reboiler from the first column shall be used in series (separately 





modifications on the reboiler and condensers. If exchangers (from both columns of 
conventional column system) in series do not meet the requirements for FTCDS, 
then new condensers and reboilers will have to be sized and bought, which will 
increase the investment and the payback period.  
 
Further, the suitability of using existing reboilers and condensers needs to be 
checked for mechanical stability, corrosion effects, scaling etc. The performance 
needs to be assessed before or while the techno-economic feasibility is done. It can 
be noted from Table 4.10 that for retrofitting the conventional column system to a 
FTCDS, only one column was reused. A new column is required for T-101 due to 
larger diameter requirement. Condenser and reboiler can be reused. The bigger 
column can be reused along with reboiler and condenser, for retrofitting to DWC 
(Table 4.10). Summary of the results of retrofitting in Table 4.10 shows that both 
the investment and operating cost for retrofitting to a DWC is less than that for 
retrofitting to a FTCDS. The investment cost for the latter is more because one 
new column has to be bought. The duties/operating cost is more in case of 
retrofitting to a FTCDS because of the lower number of stages compared to a 






Table 4.10 Summary of retrofitting the conventional column system to a 
FTCDS and DWC for BTX application 
 
Description FTCDS DWC Remarks 
 
Condenser duty,                kW 1755 1306  
Reboiler duty,                   kW 1824 1355  
    
Total capital cost,             USD 616,641 395,685  
Total operating cost, USD/year 581,091 384,065  
Total savings in operating cost,  
                                  USD/year 
164,232 298,258 Compared to the 
conventional 
column system 
    
New/reused equipments    
Column C-100 Reused Not applicable  
Column C-101 New column Reused  
Condensers Reused Reused  
Reboilers Reused Reused  
Column additional section and 
trays 
Nil New section 
added 
 
Nozzles See Tables 4.7 
and 4.8 






Retrofitting procedure in the industry is described in this chapter. The results of 
simulation and optimization for retrofitting a conventional 2-column system for 
BTX separation into a FTCDS and DWC are presented. The analysis and results 
for this application show that retrofitting the conventional 2-column system to a 













In any retrofitting study, techno-economic evaluation forms an important part for the 
correct decision. Such an evaluation for retrofitting a conventional column system to 
an FTCDS and DWC for six industrial examples is presented in this chapter. Feed, 
product and operating conditions for these applications are provided in Table 5.1. 
These examples are taken from the published literature or obtained from our own 
industry sources. For each application, the study includes five cases: New 
conventional 2-column system (C2C); New FTCDS (FTCDS); New DWC (DWC); 
Retrofitting the conventional 2-column system to an FTCDS (R-FTCDS); and 
Retrofitting the conventional 2-column system to an DWC (R-DWC). 
 
5.2 Definition of the cases 
 
The first 3 cases are new column design whereas the last 2 cases are the retrofitting 














Table 5.1 Feed and product specifications for various applications 
 
Components in Feed Feed Feed Product Purity Other Conditions Reference No 
 Composition Conditions    
       
1 BTX Application      
 Benzene 0.33 100 kgmol/h Benzene: 99.5% Column Pressure: 10 atm Rangaiah et al.  
 Toluene 0.33 10 atm Toluene: 91% Total Condenser (2006) 
 p-Xylene 0.34 Saturated liquid p-Xylene: 92% Peng-Robinson Model  
       
2 BTE Application      
 Benzene 0.33 100 kg mol/h Benzene: 99.5% Column Pressure: 1.75 bar From our industry 
 Toluene 0.33 1.75 bar Toluene: 96% Total Condenser source* 
 Ethyl Benzene 0.34 Saturated liquid Ethyl Benzene: 96% Peng-Robinson Model  
       
3 Depropaniser/Debutaniser     
 Ethylene 0.0128 1600 kgmol/h Recovery of Column Pressure: 14 bar 
 Propene 0.076 14.9 bar n-Propane: 94% Total Condenser 
Amminudin et al. 
(2001) 
 Propane 0.2312 90% liquid Butane Products:95% MP Steam at 5 bar  
 i-Butane 0.1443  Pentane Products: 97% Cooling water at 25°C  
 i-Butene 0.2683   SRK fluid package  
 n-Butane 0.0409     
 i-Pentane 0.094     
 n-Pentane 0.1008     
 n-Hexane 0.0317     






Table 5.1 Feed and product specification for various applications (contd.) 
No Components in Feed Feed Feed Product Purity Other Conditions Reference 
  Composition Conditions    
4 
Ethanol, Water, EG 
Application      
 Ethanol 0.33 100 kg mol/h Ethanol: 92% mass Column Pressure:1 atm From our industry 
 Water 0.33 1.5 bar Water: 99% mass Total Condenser source * 
 Ethyl Glycol 0.34 Saturated liquid EG: 95% mass NRTL model  
            
              
5 
Ethanol, Propanol and 
Butanol       
 Ethanol 0.1 300 kgmol/h Ethanol: 99% Total Condenser Emtir et al. (2001) 
 1-Propanol 0.8 1 atm 1-Propanol: 99% Atmospheric Column  
 1-Butanol 0.1 Saturated liquid 1-Butanol: 99% NRTL model  
        
            
6 Alkanes Separation      
  n-Pentane 0.34 100 kgmol/h n-Pentane: 99.5% Total Condenser Bek-Pederson et al. 
  n-Hexane 0.33 510 kPa n-Hexane: 87.5% Column Pressure: 500kPa (2004) 
  n-Heptane 0.33 Saturated liquid n-Heptane: 88% Peng-Robinson model  
              







Newly designed columns: In this study, C2C has the design for a new conventional 
column whereas it will be the existing column in the plant in actual industrial 
application. The configuration can either be direct or indirect sequence as explained in 
Chapter 1. FTCDS has the design for the new FTCDS columns whereas DWC is the 
design of the new DWC.  
 
Retrofitting options: R-FTCDS is retrofitting the conventional column system to an 
FTCDS. The simulation is done separately based on the same column configurations 
(i.e., number of stages and height of the column are fixed as in C2C). The column 
diameters for these results have to be calculated and then confirmed whether one or 
both the columns can be reused from the point of diameter since stages have already 
been kept the same as in the existing columns. Similarly, existing reboilers and 
condensers should be checked for reuse with no or minimal modifications due to 
thermal coupling by creating new openings for the feed nozzles. In addition, the draw 
nozzles have to be added to the column (especially main column). All the associated 
piping needed should be taken into consideration.  
 
R-DWC is retrofitting the conventional column system (C2C) to DWC. The diameter 
of the new DWC is checked for reusing one of the available columns (from C2C). The 
selected, existing column is modified with the addition of middle section, which 
houses the dividing wall. The existing column will be cut at site into 2 portions to 
form the top and bottom section of R-DWC. Middle section is shop fabricated and 
shall be available before the actual retrofitting at site starts. This section is first 





welded on top of the middle section to complete the column. In this exercise, number 
of stages in the existing column shall be sufficient to meet the required stages in top 
and bottom sections of the DWC. In essence, the existing column is used fully leaving 
with the column modification of adding the middle section only.  
 
During the shutdown of the existing plant, the piping and other equipment around the 
columns are disconnected from the column. The column top section (with necessary 
trays for top section of DWC) will be cut and removed, and the divided wall section is 
added to the middle section as outlined earlier. The top section of the column will be 
put back. Subsequently the trays installation would be carried out at site. As per the 
industrial practice, trays and column internals are installed in the column in vertical 
position (i.e., after installation of the column at site). However, off late in late 2000s, 
the trays have been installed in shop or at site (horizontal condition) before 
installation of the column. This is due to the time constraint, which industries are 
facing; extra time for site installation means late startup and associated production 
loss. During the shop or site installation (before the column installation), trays should 
be well secured to avoid dislocation during transport and/or installation of the column. 
The necessary testing will be carried out to satisfy the safety and statutory regulation 
requirements (see Chapter 4). In case there is no place around the column to effect the 
modifications, then the main column will be removed from the existing location to 
another location where the necessary modifications and testing can be done. The 







5.3 Technical and economic analysis  
 
5.3.1 Benzene, Toluene, Xylene (BTX) application 
The results of simulation in HYSYS (after optimization) for C2C are presented in 
Figure 5.1. Table 5.2 provides the comparison of various cases for BTX application 
(which was used as an example in Chapters 3 and 4). The C2C system has 2 columns 
of diameter 0.9 and 0.8 m with 31 and 40 stages respectively. The FTCDS 
configuration has 2 columns: T-100 and T-101 with diameter 0.8 and 0.9 m, and with 
34 and 68 stages respectively (FTCDS). Figure 5.2 presents the simulation results for 
FTCDS. The same technical data applies to DWC, but here it is only one column with 
diameter of 0.9 m. Note that the simulation results in Figure 5.2 apply for DWC also. 
 
The conventional column is tried for retrofitting to a FTCDS (R-FTCDS). Figure 5.3 
presents the simulation results for this. The calculation showed that diameter 
requirement for main column is higher than diameter of C-101 if the number of stages 
in the existing column is retained. Hence, in this case, retrofitting was based on 
FTCDS (results as per Figure 5.2). With this arrangement, existing column C-100 
(with 31 stages and 0.9 m diameter) is used as the main column (T-101) for R-
FTCDS. Similarly, existing column C-101 (with 40 stages and 0.8 m diameter) is used 
as the prefractionator (T-100). Additional section of column with 37 trays has been 
added to T-101 to have 68 stages. The prefractionator has 6 additional stages; these 
excess stages will only have beneficial effects and hence can be used as such without 
modification. Hence, the costing in Table 5.2 shows the additional cost for the column 






In R-DWC, the existing column 1 (C-100) from the plant is used since the diameter 
requirement is met. The number of stages in the existing column is not sufficient to 
satisfy the total stages in the top and bottom section of the DWC. Hence, a column 
section with 2 trays is shop fabricated and added to the top section during the 
retrofitting. The middle section is separately shop fabricated and assembled at site. 
The existing condenser and reboiler can be reused. Hence, costing shows the cost for 
additional middle section and trays. Such an addition of the section can take place in a 
short duration of 5-10 days depending upon the site condition. 
 
From Table 5.2, it can be seen there is savings of about 43% in the operating cost by 
implementing a new DWC in addition to savings of about 14% in the capital cost, 
compared to the C2C system. This gives a clear direction to go for a DWC against the 
C2C system for new plants. For existing plants, the conventional column system can 
be retrofitted to a FTCDS or DWC. From Table 5.2, the payback period for 
retrofitting to a FTCDS is 16 months only. The payback period for retrofitting to a 
DWC is only 20 months. These attractive payback periods are due to the re-use of 
most of the equipments. Hence, retrofitting the C2C system to a FTCDS or DWC is 





















Figure 5.3 Flow sheet of retrofitting the conventional column system to a FTCDS/DWC – BTX Application 
















5.3.2 Benzene, Toluene, Ethyl benzene (BTE) application 
The results of simulation in HYSYS (after optimization) for C2C are presented in 
Figure 5.4. Table 5.3 provides the comparison of various cases for BTE application. 
The C2C system has 2 columns of diameter 1.1 and 1.5 m, and with 51 and 35 stages 
respectively. Figure 5.5 presents the simulation results for FTCDS. The FTCDS 
configuration has 2 columns of diameter 1.1 and 1.2 m, and with 36 and 65 stages 
respectively (FTCDS). The same technical data applies to DWC, but here it is only 
one column with diameter requirement of 1.2 m (DWC). Note that the simulation 
results shown in Figure 5.5 apply for DWC also. 
 
The C2C system is tried for retrofitting to a FTCDS. Figure 5.6 presents the 
simulation results for R-FTCDS. The calculations showed that the column with 51 
stages (T-101) and 1.2 m diameter is required. Hence, 1.1 m diameter column is used 
as the prefractionator (1st column, T-100), and 1.5 m diameter column is used for the 
second column T-101. However, for the additional stages requirement (16 stages) for 
T-101, a new section with trays is added to the column. Hence, the costing in Table 
5.3 shows the cost for additional column section and the trays.  
 
In R-DWC, the existing column 2 (T-101) from the plant is used for DWC. It is to be 
noted that the ratio of actual vapor velocity to the maximum velocity is then 0.9 
(which is slightly higher than 0.8 used for other columns). However, this is acceptable 
since the recommended ratio is in the range of 0.7 to 0.9 (Sinnott, 2000). The 
additional column section with 37 trays has been added to the middle section. The 





top and bottom sections of R-DWC. The middle section is separately shop fabricated 
and assembled at site. The existing condenser and reboiler can be reused. Hence, the 
costing shows the cost for additional middle section and trays. Such an addition can 
be done within a short duration of 5-10 days depending upon the site condition. 
 
From Table 5.3, it can be seen there is savings of about 35% in the operating cost by 
implementing a DWC in addition to savings of about 36% in capital cost, compared to 
the C2C system. This gives a clear direction to go for a DWC against the C2C for new 
plants. For the existing plants, the conventional system can be retrofitted to a FTCDS 
or DWC. From Table 5.3, the payback period for retrofitting to a FTCDS is 24 
months. The payback period for retrofitting to a DWC is 25 months. Hence, 
retrofitting the conventional 2-column system to either FTCDS or DWC are attractive 
for this plant. 
 
In this and all other examples, the column material is assumed to be stainless steel, 
which is 3 to 4 times costlier than carbon steel. This makes the investment higher and 
hence the payback period also higher. As an option, the material of the column section 
shall be taken as carbon steel lined with stainless steel instead of solid steel; this 
would reduce the capital cost and hence the payback period. In such an exercise, 









































5.3.3 Depropaniser/debutaniser application 
The results of simulation in HYSYS (after optimization) for C2C are presented in 
Figure 5.7. Table 5.4 provides the comparison of various cases for this 
depropaniser/debutaniser application. The C2C system has 2 columns of diameter 2.3 
m with 32 stages each. The FTCDS configuration has 2 columns of diameter 1.8 and 
2.4 m with 39 and 68 stages respectively. Figure 5.8 presents the results for FTCDS. 
The same technical data applies to DWC, but here it is only one column with diameter 
requirement of 2.4 m. 
 
The C2C is tried for retrofitting option to a FTCDS. Figure 5.9 presents the simulation 
results for R-FTCDS. The calculation showed that diameter requirement for main 
column (2.4 m) is slightly higher than the diameter of column C-101 (2.3 m). Hence, 
retrofitting in this case is based on the FTCDS (results as per Figure 5.8). With this 
arrangement, existing columns C-100 (with 32 stages and 2.3 m diameter) is used as 
the prefractionator and C-101 (with 32 stages and 2.3 m diameter) is used as main 
column for R-FTCDS. It is to be noted that the ratio of the actual vapor velocity to the 
maximum velocity is then 0.9 for the main column (T-101). Additional section of 
column with 7 trays has been added to T-100 (to have 39 trays) and column section of 
36 trays has been added to T-101 (to have 68 stages). So, costing in Table 5.4 shows 
the additional cost for these new column sections and trays for both T-100 and T-101. 
 
In R-DWC also, the existing column 2 (T-101) from the plant can be used for DWC 
assuming that a vapor velocity of 0.9 times the maximum is acceptable. The 





section. Figure 5.8 present the simulation results for R-DWC. The existing condenser 
cannot be reused and hence costing for a new condenser is included. The reboiler can 
be reused.  
 
From Table 5.4, it can be seen that there is savings of about 39% in the operating cost 
by implementing a new DWC. This gives a clear direction to go for a DWC against 
using C2C system for new plants. For the existing plants, the conventional column 
system can be retrofitted to a FTCDS or DWC. From Table 5.4, the payback period 
for retrofitting the conventional column system to a FTCDS is 35 months which is 
less than 3 years. Similarly, the payback period for retrofitting the conventional 
column system to a DWC is 32 months which is also less than 3 years. From Table 
5.4, the operating cost is reduced by 39%; the column capacity being very big, duties 
of the reboiler and condenser are very large and so the energy saving potential is high. 
Following are additional options, which can be considered to make this retrofitting 
even more favorable. 
 
• The main factor which can reduce the payback period is the material of 
construction, which results in huge investment costs. If the material of 
construction of the column (and not internals) is changed to carbon steel lined 
with stainless steel (which are becoming acceptable now) instead of solid stainless 
steel, the payback period for retrofitting to a FTCDS reduces to 26 months. With 
full carbon steel, payback period further reduces to 16 months. Similarly, with 
carbon steel lined with stainless steel as the material of construction, the payback 
period for retrofitting the column to a DWC improves to 23 months and with full 





are very attractive provided the material of construction is acceptable. The 
internals can still remain as stainless steel.   
• The existing plant has 2 columns of diameter of 2.3 m with 32 stages. The 
diameter requirement for retrofitting to DWC is 2.4 m, which is very close to the 
existing diameter. One of the existing 2 columns can be retrofitted to a DWC 
operating at reduced capacity based on vapor velocity of 0.8 times the maximum 
velocity. A quick calculation shows that, at a feed capacity of 90%, the payback 
period works out to less than 3 years. Alternately, if vapor velocity of 0.9 times 
the maximum velocity is acceptable, one existing column with a diameter of 2.3 m 
can be retrofitted to DWC at 100% capacity. In this case also, the payback period 
works out to less than 3 years.  
• As an additional option, if both columns are retrofitted to DWCs operating at 90 
or 100% (depending on vapor velocity), then the plant can process 80 or 100% 
more feed than the original design capacity. The savings are not just operating 
cost but also significantly increased product output. However, this option should 
be analyzed for the upstream equipments to supply necessary feed and availability 
of feed, and downstream equipments to process the increased output from both 
these columns. Nevertheless, the potential savings are very high and payback 
period is attractive. A detailed analysis and feasibility have to be conducted to see 















































5.3.4 Ethanol, Water and Ethyl glycol (EWEG) application 
The results of simulation in HYSYS (after optimization) for C2C are presented in 
Figure 5.10. Table 5.5 provides the comparison of various cases for the EWEG 
application. The C2C system has 2 columns of diameter 0.9 m and 0.5 m with 30 and 
7 stages respectively. The FTCDS configuration has 2 columns of diameter 0.9 m and 
1.1 m with 8 and 35 stages respectively. Figure 5.11 presents the simulation results 
for the FTCDS. The same technical data applies to the DWC, but here it is only one 
column with diameter of only 1.1 m. Note that the simulation results shown in Figure 
5.11 apply for the DWC also. 
 
The C2C system is tried for retrofitting to a FTCDS. Figure 5.12 presents the 
simulation results for the R-FTCDS. The calculations showed that the main column 
(T-101) with 30 stages require 1.2 m diameter to avoid the flooding condition. A 
quick check was done to use the existing column for main column (T-101). However, 
the ratio of actual vapor velocity to the maximum vapor velocity is more than 0.9, 
which is not advisable. The existing column with 0.9 m diameter (with 7 stages, 
balance 23 stages being removed) is used as the prefractionator (1st column, T-100). 
The condenser cannot be reused here for this case. Hence, costing in Table 5.5 shows 
the additional cost for the column (T-101), trays and condenser. For retrofitting to a 
DWC, diameter of the existing column (C-101) is not sufficient to use it as a DWC 
even if a vapor velocity of 0.9 times the maximum vapor velocity is acceptable, which 
leaves the only option of a new column for retrofitting to a DWC. The existing 






From Table 5.5, it can be seen that there is savings of about 31% in the operating cost 
by implementing a new DWC compared to the conventional 2-column system. This 
gives a clear direction to go for a DWC against using the C2C system for new plants. 
For existing plants, the C2C system can be retrofitted to a FTCDS or DWC. From 
Table 5.5, the payback period for retrofitting to a FTCDS is 49 months and that for 
retrofitting to a DWC is also 49 months. The payback period for retrofitting the C2C 
system to a FTCDS or a DWC is not that attractive for this application. The main 
reasons being the higher investment cost and fewer saving (in terms of the amount). 
The savings in terms of percentage for operating cost is still attractive (31%), yet this 
has to match with the corresponding investment level to turn attractive. One alternate 
solution is using cheaper material of construction instead of stainless steel. Carbon 
steel instead of stainless steel as the material for the column would reduce the capital 
cost and hence the payback period. In such a case, retrofitting to a DWC/FTCDS is 
attractive with payback period of 33 months.  
 
5.3.5 Ethanol, Propanol, Butanol (EPB) application 
The results of simulation in HYSYS (after optimization) for C2C are presented in 
Figure 5.13. Table 5.6 provides the comparison of various cases for EPB application. 
The C2C system has 2 columns of diameter 2.6 and 1.5 m with 52 and 32 stages 
respectively. The FTCDS configuration has 2 columns with diameter of 1.5 and 2.3 m 
and 34 and 60 stages respectively (FTCDS). Figure 5.14 presents the simulation 
results for FTCDS. These apply to DWC but here it is only one column with diameter 






































The C2C is tried for retrofitting to a FTCDS. Figure 5.15 presents the simulation 
results for the R-FTCDS. The two columns, condenser and reboiler from the C2C can 
be reused. Hence, there is only a very minor modification in changing the pipe 
routings. Hence, the costing does not show any additional cost.   
 
The existing column 1 (C-100) with diameter of 2.6 m can be used for retrofitting to a 
DWC since the diameter requirement for the DWC is only 2.3 m. The number of 
stages in the existing column is sufficient to satisfy the total stages in the top and 
bottom section of DWC. The middle section is separately shop fabricated and 
assembled at site. The existing condenser and reboiler can be reused. Hence, the 
costing shows the cost for additional middle section and trays. Middle section 
addition can take place within 5-10 days depending upon the site condition. 
 
From Table 5.6, it can be seen that there is savings of about 43% in the operating cost 
by implementing a DWC in addition to savings of about 30% in capital cost compared 
to a C2C system. This gives a clear direction to go for a DWC against the C2C system 
for new plants. From Table 5.6, the payback period for retrofitting the conventional 
column to a FTCDS is very small and hence attractive. The payback period for 
retrofitting the conventional column system to a DWC is 18 months only. The column 
C-101 can also be retrofitted to another DWC for increasing the capacity (subject to 
the upstream and downstream equipments capacity). Hence, retrofitting the column to 










































5.3.6 Pentane, Hexane, Heptane (alkanes) application 
The results of simulation in HYSYS (after optimization) for C2C are presented in 
Figure 5.16. Table 5.7 provides the comparison of various cases for the alkanes 
separation. The C2C system has 2 columns of diameter 0.8 m each with 38 and 21 
stages. The FTCDS configuration has 2 columns with diameter of 0.8 and 0.9 m, and 
22 and 48 stages. Figure 5.17 presents the simulation results for the FTCDS. The 
same technical data applies to a DWC, but here it is only one column with diameter of 
0.9 m. Note that the simulation results in Figure 5.17 apply for DWC also.  
 
The C2C system is tried for retrofitting to a FTCDS. Figure 5.18 presents the 
simulation results for the R-FTCDS. A quick check was done to use the existing 
column for main column (T-101). However, the ratio of actual vapor velocity to the 
maximum vapor velocity is more than 0.9, which is not advisable. It can be seen from 
Table 5.7 that column 2 (C-101) cannot be used due to higher diameter required, and 
hence it has to be replaced with a new column, leaving only one column for reuse. 
Hence, the costing in Table 5.7 shows additional cost for the new column and trays. 
Similarly for R-DWC, the existing column is tried for retrofitting to DWC. However, 
the ratio of actual vapor velocity to the maximum vapor velocity is more than 0.9, 
which leaves the only option of a new column. The existing condenser and reboiler 
can be reused.  
 
From Table 5.7, it can be seen that there is savings of about 37% in the operating 
costs by implementing a DWC in addition to savings of about 20% in capital cost, 





C2C system for new plants. For the existing plants, the C2C system can be retrofitted 
to a FTCDS or DWC. From Table 5.7, the payback period for retrofitting to a FTCDS 
is 28 months whereas that for retrofitting to DWC is 32 months.  The payback period 
for retrofitting to a FTCDS or a DWC is very close, and both options are attractive.  
 
As an additional option, if both columns are retrofitted to DWCs operating at 80%, 
then the plant can process 80% more feed than the original design capacity. The 
savings are not just operating cost but also significantly increased product output. 
However, this option should be analyzed for the upstream equipments to supply 
necessary feed and availability of feed, and downstream equipments to process the 
increased output from both these columns. Nevertheless, the potential savings are 
very high and payback period is much more attractive. A detailed analysis and 
feasibility have to be conducted to see the revised payback period for the increased 
capacity with 2 columns retrofitted to two DWCs. 
 
5.4 General discussion 
The six applications show a clear direction of superiority of DWCs for newer plants. 
For retrofitting the conventional column system to a DWC, most of the applications 
show the techno-economic viability. Table 5.8 provides the summary of the results 
including the costing details for all the cases of all applications. The condenser duties 
are comparable to reboiler duties, and hence they are not shown in Table 5.8. It can be 
observed from the payback periods in this table that retrofitting the conventional 
column system to a FTCDS is attractive for BTX, BTE, Depropaniser, EPB and 





attractive and acceptable in the industrial practice. Retrofitting to a DWC is attractive 
for applications such as BTX, BTE, Depropaniser, EPB and alkanes separation as 
well. DWC is accepted in many industries for the simplicity, less investment and 
space requirements. The heat duties for a DWC are same as those for a FTCDS.  
 
For EWEG separation, the payback period is slightly higher (4 years) and not 
attractive due to higher investment though the percentage savings in the operating cost 
is comparable with other applications. Factors which affect the investment and hence 
the payback period have been analyzed, and alternate solutions have proposed in 
order to reduce the payback period. These factors need to be evaluated carefully to 
ensure the retrofitting results in an attractive payback period. The factors are 












































Table 5.8 Summary of the techno-economics of various cases of all applications 
 
Reboiler Investment Operating cost Payback 
duty  cost US$ US$/year Savings period Applications and Cases 
 (kW)     US$/year % (months)
C2C 2,398 931,642 682,323       
FTCDS 1,355 1,110,351 384,065 298,258 43.7%   
DWC 1,355 795,154 384,065 298,258 43.7%   




R-DWC 1,355 504,562 384,065 298,258 43.7% 20 
                
C2C 2,058 1,505,966 585,456       
FTCDS 1,335 1,378,411 378,800 206,656 35.3%   
DWC 1,335 951,648 378,800 206,656 35.3%   
R-FTCDS 1,362 393,846 386,452 199,004 34.0% 24 
BT
E 
R-DWC 1,335 431,757 378,800 206,656 35.3% 25 
                
C2C 15,440 9,142,917 5,454,306       
FTCDS 9,409 12,806,043 3,329,997 2,124,309 38.9%   
DWC 9,409 10,489,082 3,329,997 2,124,309 38.9%   








R-DWC 9,409 5,595,675 3,329,997 2,124,309 38.9% 32 
                
C2C 1,430 553,056 410,607       
FTCDS 973 709,953 281,806 128,801 31%   
DWC 973 596,064 281,806 128,801 31%   




R-DWC 973 531,198 281,806 128,801 31% 49 
                
C2C 10,996 4,360,848 3,063,416       
FTCDS 6,316 3,689,231 1,732,254 1,331,162 43.5%   
DWC 6,316 3,025,223 1,732,254 1,331,162 43.5%   
R-FTCDS 6,417 0 1,760,924 1,302,492 42.5% 0 
EP
B 
R-DWC 6,316 1,970,067 1,732,254 1,331,162 43.5% 18 
                
C2C 1,489 671,089 420,952       
FTCDS 934 723,194 262,055 158,897 37.7%   
DWC 934 531,279 262,055 158,897 37.7%   




R-DWC 934 425,846 262,055 158,897 37.7% 32 






Retrofitting a conventional column system to a FTCDS 
FTCDS has 2 streams recycled back to the first column (prefractionator) with one 
vapor stream and one liquid stream. Both columns have to be maintained at close or 
same pressure level to ensure the natural flow of the above recycled streams between 
the columns. This is not possible in many cases and eventually results in the 
operational difficulties. Remedies are proposed below for the difficulties envisaged. 
 
• Pressure profile of the columns: The liquid transferred from the prefractionator 
to the main column and vice-versa shall be handled with the help of pumps. The 
column bottom recirculation pump of the existing column 1 (C-100) shall be used 
for this purpose (since no recirculation is required as there is no reboiler for 
prefractionator). Similarly, there will be difficulty for the vapor flowing from one 
column to the other naturally, and a compressor is required in some cases to 
increase the pressure before feeding into the column. If the compressor is not 
available in the plant, this will require considerable investment. 
• Flow control: The vapor flow or liquid flow back to the prefractionator may not 
be accurate for naturally controlled flow. A control valve may be required to 
control the flow if accuracy is required for both the streams. Control valve for 
vapor streams will cost more due to the bigger duct size. If the control valve is 
inevitable, then necessary cost to include control valve has to be considered. 
 
Retrofitting of a conventional column system to a DWC 
Operation difficulties envisaged in the FTCDS are avoided in the DWC configuration. 





requirement for external piping. There is no need of control valve as the flow is 
controlled internally. The liquid flow to both sides of the dividing wall is controlled 
naturally by the special design of liquid distributors. There are vapor distributors 
available with special baffles to direct the vapor flow to either side of the dividing 
wall closer to the designed values; however, the vapor flow cannot be controlled 
accurately. 
 
Capacity of the plant 
Table 5.8 presents retrofitting results corresponding to the capacities of the existing 
plants. Here, the longer payback period in some cases is because of limited use of 
existing equipment. In such cases, it is worthwhile to study if both the existing 
columns can be retrofitted to two DWCs. Each may have different capacity but the 
capacity of both columns put together is likely to be more than the existing capacity 
eventually. This exercise has to be studied in detail on the ability of upstream and 
downstream equipments to take care of the increased capacity. In such cases, the 
savings are not just the operating cost but also the production increase and associated 
savings in operating cost for the increased output.  
 
Table 5.9 presents retrofitting results at capacities that maximize reuse of existing 
equipment. From Tables 5.2 to 5.6, it was observed that the existing columns could 
not be used for retrofitting to DWCs (at 100% feed capacity) for EWEG and Alkanes 
applications. A quick calculation shows that at reduced capacities the existing column 
can be utilized and hence results in a better payback period. The reduced capacity 





application corresponds to the reduced capacity (as per the capacity factor). In 
addition, Table 5.9 gives required investment and savings per kg of feed. 
 
Table 5.9 Cost per unit feed rate at capacity which maximizes reuse of existing 
equipment 
 
Description Units BTX BTE Depro-
panizer 
EWEG EPB Alkanes
9,228 9,228 90,170 4,405 18,030 8,604 Feed Flow rate 
at 100% 
kg/h 
      
Capacity 
factor 100% 100% 100% 75% 100% 80% 
  
% 
            
Reboiler duty 0.15 0.14 0.10 0.22 0.35 0.11 
  
kW/kg of 
feed             
Investment 55 47 62 45 109 28 
  
US$/kg 
of feed             
Operating cost 42 41 37 64 96 30 
 
US$/year/ 
kg of feed             
Savings per 




            
Payback 
Period months 20 25 30 19 18 18 
 
 
Material of construction 
Material of construction of the equipments invariably affects the costing as this is a 
major contributor for capital cost. Material of construction for column is one grade 
less than the material of construction of the internals such as trays, packing and 
distributors etc. depending upon the corrosive nature of fluids in the process. This is 
seen widely in industrial cases due to economic reasons. In some cases where the 
process requires higher-grade materials, internals are made with the solid material of 





higher grade as required for the process conditions. Off late, certain mills produce 
cladded materials and supply directly to the market. Such cladded materials from the 
mill exhibit high quality very similar to the solid material of the same grade. Table 
5.10 gives a summary of the payback period if material of construction is varied; here, 
SS refers to stainless steel and CS refers to carbon steel.  
 
Table 5.10 presents data only for Depropanizer, EWEG and Alkanes where the 
payback period for retrofitting to a DWC was higher than other 3 applications. For 
example, depropanizer application with SS, the payback period is 32 months which 
can be reduced to 15 months by using CS, which is in the very attractive range. 
Hence, the material of construction should be re-evaluated considering all 
possibilities, which may result in more economic benefits for the retrofitting exercise. 
Similarly, EWEG and Alkanes applications also turn more attractive with the change 
in material of construction. The results in Table 5.10 are based on the change in 
material of construction of column only. If required, this can be extended to column 
internals, condenser and reboilers. 
 
Table 5.10 Summary of the effect of various materials for columns for 








Site condition for retrofitting: Site condition for retrofitting is also a major factor, 
which has to be carefully evaluated before going in for retrofitting. In certain cases 
modifications such as removal of column may not be possible due to poor access to 
those equipments. In such cases, though the R-DWC may be attractive in terms of 
payback period and operation, retrofitting to a FTCDS will be helpful since only 
piping needs to be re-routed. This is possible only when there is a possibility of using 
both columns without major modifications. Use of experienced contractors and 
obtaining their quotation with guaranteed completion within the days specified would 
cover the risk on the investment planned.  
 
5.5 Conclusions 
The techno-economic evaluation of 5 cases for 6 applications has been presented and 
discussed in this chapter. The results uniformly show reduced energy requirements 
and good savings in retrofitting the C2C to a DWC. Though in some applications 
retrofitting to a FTCDS is economically more attractive than to a DWC, the latter has 
gained acceptance due to its operational advantage. For some applications where 
retrofitting to a DWC is not attractive, alternate solutions (namely, capacity variation 
and material of construction) are proposed to improve the payback period. In general, 
reduced energy requirements will address environmental concerns too. 
 





CONCLUSIONS AND RECOMMENDATIONS 
 
6.1 Conclusions of this study 
Distillation is the most common separation process used in the chemical, 
petrochemical, refineries and related sectors. It consumes huge amounts of energy 
due to heating and cooling involved through the reboiler and condenser 
respectively. New DWC/FTCDS and retrofitting the conventional column 
configurations to DWC/FTCDS for several industrial applications have been 
studied in this work, to reduce the energy consumption and hence the operating 
cost of distillation units.  
 
A step-by-step procedure for designing a FTCDS/DWC for various applications 
using HYSYS is presented. Six applications were considered in the study with 5 
cases for each application; the cases include a conventional column system, new 
FTCDS/DWC and retrofitting the conventional column system. The results of 
these applications and cases confirm the lower energy requirements and 
consequently cost savings of FTCDS/DWC for new plants as well as show the 
potential for retrofitting existing conventional column configurations. Of the six 
applications, BTX and EPB separation show a savings of more than 40% in 
operating cost; remaining applications (BTE, Depropaniser, EWEG and Alkanes 
separation) show a savings of more than 30% in the operating cost for new 
FTCDS/DWC compared to the conventional column system. The capital cost is 
also lower by up to 36% for DWC, depending on the application.  




The study shows promising returns in retrofitting the conventional column system 
to a FTCDS or a DWC, in all the applications considered. Retrofitting a 
conventional column system for BTX, BTE, Depropanizer, EPB and alkanes 
separation to a FTCDS/DWC, has a payback period of less than 3 years. 
Retrofitting a conventional column system to a FTCDS/DWC for EWEG 
separation has a payback period of 4 years. Two ways of reducing this less 
acceptable payback period, by changing material of construction or retrofitting 2 
columns to 2 DWCs, are discussed. The payback period reduces to 33 months for 
EWEG application if material of construction for the column (and not internals) is 
changed to carbon steel. Further, capacity of the separation system can be 
increased depending upon the retrofitting option selected. 
 
6.2  Recommendations for future work 
Based on this study, the following works are recommended for further 
investigation. 
• Separation of multi-component mixtures: The present study on retrofitting 
has focused on the separation of ternary mixtures. It can be extended to 
separation of mixtures with 4 or more components. Such retrofitting cases 
will involve 2 or more DWCs in series.  
• Operable configurations: The FTCDS operation has certain bottlenecks 
operationally due to maintaining consistent pressure levels in the two 
columns. To overcome this, several operable configurations have been 
proposed in the literature (Hernandez et al., 2006). The saving potential of 
these may be slightly lower when compared to a FTCDS/DWC but could 




still be able to use the existing columns with minimal modifications to 
achieve quicker returns. 
• Creating a standard model in HYSYS: The simulation models (based on 
shortcut and rigorous columns) used in this study for FTCDS/DWC can be 
improved and implemented as user-created models in HYSYS. Such 
models will reduce the time spent in finding good initial estimates and help 
in reducing the time for simulating and optimizing the FTCDS/DWC in 
HYSYS. 
• Visual Basic macros for Optimization: Optimization procedure used in this 
study was manual as the optimizer in HYSYS can not be used for this 
involving integer variables and internal flow rates of the column. Visual 
Basic macros can be developed to facilitate the optimization. Excel 
interfaces shall be used to extract the data during the optimization and the 
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SIMULATION AND OPTIMISATION OF A CONVENTIONAL 2-
COLUMN SYSTEM 
 
This appendix presents the simulation and optimization of a conventional 2-column 
system for separation of BTX application (example as discussed in Chapter 3). Figure 
A.1 presents the flow sheet of the conventional 2-column system for separating a 
ternary mixture such as benzene, toluene and xylene mixture. It shows the indirect 
sequence arrangement with heavies separated first followed by lights. Feed enters the 
column C-100, xylene gets separated with required purity in the Bottom1. Dist1 forms 
the distillate with majority of the lights; benzene and toluene with traces of xylene 
enter the second column C-101. The benzene is separated and collected as Dist2 and 

























A.1 Shortcut method 
Similar to the procedure for simulating a FTCDS discussed in Chapter 3, initial 
estimates were done with the short cut method. The short cut method is done in 
HYSYS, column by column (first column C-100 and subsequently C-101). Here in 
this example, benzene is the lights, toluene being the middle component and xylene is 
the heavy component. The Bottom1 shall have 0.92 mole fraction of xylene as part of 
product purity requirement. The remaining 0.08 mole fraction is assumed as Toluene.  
 
Figure A.2 Flow sheet of column C-100 (short cut method) in HYSYS 
 
The flow sheet for short cut column (C-100) is shown in Figure A.2. Open a new case 
with HYSYS, select the components benzene, toluene and xylene, and the fluid 
package as Peng Robinson, and proceed to Basic Simulation environment. Use short 
cut column and start with column C-100. Add the material streams (Feed, Dist1 & 
Bottom1) and energy streams (RebDuty1 & CondDuty1) as shown in Figure A.2. 
Define the Feed as per the specifications provided in the example in Chapter 3. 
Proceed to the “Parameters” section to define the parameters. The column C-100 
separates the bottom component (xylene) to Bottom1, so that majority of the lights 
(benzene) along with a portion of the middle component (toluene) go through the top 





and heavy key component (in lights) is taken as xylene. The mole fraction of toluene 
shall be 0.08 in Bottom1. Hence the light key (toluene) in bottom is 0.08. The heavy 
key in distillate is taken as 1.5% (0.015 mole fraction). It is industrial practice to 
assume the heavy key around 1-1.5% by trial and error method. Enter the condenser 
pressure and reboiler pressure as shown in Figure A.3. 
 
Figure A.3 Specifying the light key in bottoms and heavy key in lights for C-100 
column 
 
However, the xylene fraction achieved in Bottom1 is 0.9198 due to impurity of 
benzene in Bottom1. Hence the light key has to be adjusted as shown in Figure A.4, 
which shows the final values for light key and heavy keys. The external reflux ratio 







Figure A.4 Specifying the light key in bottoms and heavy key in lights for C-100 
column (final values) 
  
Add the short cut column SC-2, its material streams (Dist2 & Bottom2) and energy 
streams (CondDuty2 & RebDuty2) as shown in Figure A.5. 
 
 
Figure A.5 Flow sheet of the shortcut column (with both columns SC-1 and SC-2) 
  
Proceed to the parameter section and enter the values as shown in Figure A.6. Column 





benzene and heavy key in the lights is toluene. Since the purity of benzene in Dist2 is 
99.5% (product requirement) the balance is assumed as toluene. Hence, toluene in 
Dist2 (heavy key component in lights) will be 0.005 mole fraction. On the other hand, 
toluene is at 91% purity for the side stream (as per the product requirement), assume 
maximum benzene allowed in Bottom2 (heavies for column SC-2) as 5% (0.05 mole 
fraction). Similar to column SC-1, enter the values for condenser pressure, reboiler 
pressure and external reflux ratio as per Figure A.6. However, due to the traces of 
xylene in Bottom2, toluene purity of 91% (0.91 mole fraction) is not achieved with 
the above light key value. The light key value has to be adjusted to get the required 
purity of toluene in Bottom2. The final values of light key, heavy key and other 
parameters are shown in Figure A.6 
 
 Figure A.6 Specifying the light key in bottoms and heavy key in lights for 
column SC-2 (final values) 
 
Now both columns have converged and the final flow sheet with mass balance is 












A.2 Rigorous simulation and optimization 
Once short cut estimates are completed, rigorous simulation needs to be done using 
HYSYS to get the correct result. This section presents the steps involved in this. 
 
Figure A.8 Flow sheet of rigorous simulation for column C-100 
 
First, open a new case in HYSYS, and add the components benzene, toluene, p-xylene 
in the component list. Then, choose the fluid package as Peng Robinson and proceed 
to the basic simulation environment. Add distillation column unit operation for C-100, 
and the material streams Feed, Distillate and Bottom for column C-100 as shown in 
Figure A.8. Provide the data from short cut estimates to the purity of the xylene in 
Bottom and toluene in Distillate. Define the column by the connecting the necessary 
streams, providing number of stages and feed stage location. The short cut 
calculations give an initial estimate for the number of stages for SC-1, which is 
equivalent to the column C-100 in rigorous simulation. Now, add the energy streams: 
CondDuty-1 and RebDuty-1 to the column C-100, and complete the flow sheet as 






Figure A.9 Specifications for column C-100 
 
Column C-100 has 2 degrees of freedom and hence two specifications shall be 
provided. Provide the specifications of the product purity in each stream: namely, 
toluene purity in Distillate, p-xylene purity in Bottom and specifications shall be 
completed as per Figure A.9. Activate the “Run” button to converge C-100.  
 
A.2.1 Optimization of column C-100 
Initial design obtained by short cut calculations and rigorous simulation is not the 
optimum solution. The design needs to be optimized; the studies of Lek (2002) and 
Chan (2005) on distillation columns show that operating cost is the major part of the 
total annual cost and that minimizing reboiler/condenser duties (or equivalently reflux 
ratio) minimizes the operating cost and leads to nearly optimal design of the columns. 
The optimization is simple here; the column C-100 is treated as single column. The 





of stages. The feed location is varied to get the lowest reboiler duty and the results are 
shown in Table A.1. Variation of feed location is marked in “red”. The number of 
stages (given by shortcut calculation) are not varied as their effect is expected to be 
marginal based on the study of Rangaiah et al. (2006). The feed location is marked in 
“red”. 
Table A.1 Optimization of feed location for column C-100 
Feed No of condenser reboiler reflux 
location stages kW kW ratio 
     
16 31 1482 1514 2.207 
18 31 1476 1508 2.194 
20 31 1497 1530 2.244 
22 31 1563 1595 2.38 
24 31 1695 1726 2.659 
     
 
 
A.2.2 Simulation of the column C-101 
Add distillation column unit operation for C-101, and the material streams Feed, 
Distillate101 and Bottom101 for column C-101 as shown in Figure A.10. Define the 
column by connecting the necessary streams, providing number of stages and feed 
stage location. The short cut calculations give an initial estimate for the number of 
stages for SC-2, which is equivalent to the column C-101 in rigorous simulation. 
Now, add the energy streams CondDuty-2 and RebDuty-2 to the column C-101, and 






  Figure A.10 Flow sheet of conventional system with addition of column C-101 
 
Column C-101 has 2 degrees of freedom and hence two specifications shall be 
provided. Provide the specifications of the product purity in each stream: namely, 
benzene purity in Distillate101, toluene purity in Bottom101 and specifications shall 
be completed as per Figure A.11. Activate the “Run” button to converge C-101. 
 
 






A.2.3 Optimization of column C-101 
The design variables, which affect the optimization, are the feed location and the 
number of stages. The feed location is varied to get the lowest reboiler duty and the 
results are shown in Table A.2. Variation of feed (Dist1) location is marked in “red”. 
Similar to the optimization discussed for C-100, the number of stages is given by 
short cut calculation. The feed location is marked in “red”.  
 
Table A.2 Optimization of feed location for column C-101 





Duty (kW)  
     
24 40 877 891.2 3.143 
26 40 876.1 890.1 3.139 
28 40 888 901 3.192 
29 40 899.4 913.5 3.249 
30 40 917.3 931.2 3.333 
32 40 978.6 992.6 3.623 
     
 
Figure A.12 presents the flow sheet of conventional 2-column system with technical 













Validation of Thermodynamic Models and Flash Calculations 
 
The thermodynamic model used in the HYSYS simulation of each application 
discussed in this thesis has been validated against vapor-liquid equilibrium (VLE) 
experimental data available in the literature (Gmehling et al., 1997). In general, 
experimental VLE data are available only for binary mixtures and not for ternary 
mixtures in the applications. Hence, for each ternary application, we searched for 
experimental VLE data of 2 binary mixtures: light and middle key mixture, and 
middle and heavy key mixture, and used them for validation of the thermodynamic 
model and flash calculations in HYSYS. Note prediction of VLE data by a 
thermodynamic model involves flash calculations, which are equivalent to one 
ideal stage in a distillation column. These validation results are presented and 
discussed in this appendix.  
 
Application 1: Benzene, Toluene and Xylene (BTX) 
Peng-Robinson model (fluid package) was selected for this application and 
validated for experimental data for two binary mixtures: benzene/toluene and 
toluene/xylene systems. Predicted data by the model are compared with the 
experimental data in Figures B.1 and B.2 for benzene/toluene system at a pressure 
of 1.013 bar, and in Figure B.3 for toluene/xylene system at a temperature of 90 
deg C. It can be seen from these figures that the predicted data are close to the 
experimental data, which justifies the selection of Peng-Robinson model for BTX 
application. Tx plot is not shown for toluene/xylene system due to non-availability 
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Figure B.3 Experimental and Predicted x-y Data for Toluene (1) & Xylene (2) 
Mixture 
 
Application 2: Benzene, Toluene and Ethylbenzene (BTE) 
Peng-Robinson model was selected for this application and validated for 
experimental data for two binary mixtures: benzene/toluene and toluene/ethyl 
benzene systems. This model was justified for the first mixture in the BTX 
application above. Predicted data by the model are compared with the experimental 
data in Figures B.4 and B.5 for toluene/ethyl benzene system at a pressure of 1 bar. 
It can be seen from this figure that the predicted data are close to the experimental 
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Figure B.4 Experimental and Predicted x-y Data for Toluene (1) and Ethyl 





















Figure B.5 Experimental and Predicted T-x Data for Toluene (1) and Ethyl 
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Application 3: Depropaniser/Debutanizer  
The experimental data are not available for the binary mixtures in this application, 
and hence we consulted an engineer in a company (name not given due to 
confidential nature) having a Depropaniser/Debutanizer column. Discussion 
revealed that they have used HYSYS and SRK model for this application. Hence, 
SRK model was chosen for this application, and this selection is consistent with 
the recommendation in HYSYS manual.  
 
Application 4: Ethanol, Water and Ethyl glycol (EWEG) 
NRTL model was selected for this application and validated for experimental data 
for two binary mixtures: ethanol/water and water/ethyl glycol systems. Predicted 
data by the model are compared with the experimental data in Figures B.6 and B.7 
for ethanol/water system at a pressure of 1.013 bar, and in Figures B.8 and B.9 for 
water/ethyl glycol system at a pressure of 1.013 bar. It can be seen from these 
figures that the predicted data are close to the experimental data, which justifies the 

















Figure B.6 Experimental and Predicted x-y Data for Ethanol (1) and Water 
(2) Mixture 






















Txplot (Experimental)  

















Figure B.8 Experimental and Predicted x-y Data for Water (1) and Ethyl 
Glycol (2) Mixture 























Figure B.9 Experimental and Predicted T-x Data for Water (1) and Ethyl 
Glycol (2) Mixture  
 
Application 5: Ethanol, Propanol and Butanol (EPB) 
NRTL model was selected for this application and validated for experimental data 
for two binary mixtures: ethanol/propanol and propanol/butanol systems. Predicted 
data by the model are compared with the experimental data in Figures B.10 and 
B.11 for ethanol/propanol system at a pressure of 1.013 bar, and in Figures B.12 
and B.13 for propanol/butanol system at a pressure of 1.013 bar. It can be seen 
from these figures that the predicted data are close to the experimental data, which 







Figure B.10 Experimental and Predicted x-y Data for Ethanol (1) and 



















Figure B.11 Experimental and Predicted T-x Data for Ethanol (1) and 
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Figure B.12 Experimental and Predicted x-y Data for 1-Propanol (1) & 1-



















Figure B.13 Experimental and Predicted x-y plot for 1-Propanol (1) & 1-
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Application 6: Pentane, Hexane and Heptane (Alkanes) 
Peng-Robinson model was selected for this application and validated for 
experimental data for two binary mixtures: pentane/hexane and hexane/heptane 
systems. Predicted data by the model are compared with the experimental data in 
Figures B.14 and B.15 for pentane/hexane system at a pressure of 1 bar, and in 
Figure B.16 and B.17 for hexane/heptane system at a pressure of 1.013 bar. It can 
be seen from these figures that the predicted data are close to the experimental 


















Figure B.14 Experimental and Predicted x-y Data for Pentane (1) & Hexane 
(2) Mixture 
 











































Figure B.16 Experimental and Predicted x-y Data for Hexane (1) and Heptane 
(2) Mixture 
























Figure B.17 Experimental and Predicted T-x Data for Hexane (1) and 







Costing of a FTCDS and DWC system 
 
C.1 Costing of distillation system 
 
The costing consists of estimating capital and operating costs. The capital costs for 
the distillation system consists of total module cost (which includes purchase cost, 
installation cost, cost of associated piping and instruments etc.) of individual 
columns, reboilers and condensers. The costing for number of trays is based on the 
higher number of stages with 70% efficiency factor. The cost correlations for the 
equipments are taken from Turton et al. (2003).  They should be updated with the 
current cost index; for this study, the Chemical Engineering Plant Cost Index 
(CEPCI) of 560 was used. The total module cost is 18% more than the bare module 
cost of the column, trays, reboiler and condenser, which accounts for all the cost 
for the associated instruments, piping, structures etc. (Turton et al., 2003). 
Operating cost is the sum of the utility cost of steam (for reboilers) and cooling 
medium (for condensers). Pumping and other costs are minor and hence are not 
included. 
  
C.2 Costing of distillation column and trays 
 
A distillation column is considered as a vertical pressure vessel with internals, i.e. 
trays. The purchase cost of a vertical pressure vessel assuming ambient operating 





log10 Cpurchase = K1 + K2 log10 V + K3 (log10 V)2     (1)  
where V = volume of the distillation column, and K1, K2 and K3 are coefficients 
shown in Table C.1. 
Table C.1 Cost Coefficients for Vertical Pressure Vessels 
K1 K2 K3 B1 B2 
3.497 0.4485 0.1074 2.25 1.82 
 




2π=          (2) 
A factor of 1.2 (Seider et al., 1999) is required for head allowance of the column. 
 
Pressure factor for a column is dependent on its thickness given by 
t = P * 
25000
D  + 0.125       (3) 
where P is in psig, and t and D are in inches; 0.125 in. is included in the thickness 
calculation for corrosion allowance.  
 
The calculated pressure factors are given by the following correlations: 





                                     (4) 
Fp, vessel = 1.25        P <-0.5 barg                                (5) 
 
If Fp > 1, 






If Fp < 1, 
Actual pressure factor Fp, act = 1                                  (7) 
 
Bare module cost for a vertical pressure vessel is as follows: 
CBM, Column = Cpurchase (B1 + B2FMFP, act)                                 (8) 
where values of the coefficients, B1 and B2 are given in Table C.1, and FM for 
different materials are shown in C.2. In this study the material selected is SS and 
hence FM is 4. 
Table C.2 Material Factors for Process Vessels 
Material FM 
CS 1.0 
SS clad 2.5 
SS 4.0 
Ni clad 4.5 
Ni 9.8 
Ti clad 4.9 
Ti 10.6 
Sieve trays 
The purchase cost of a sieve tray is dependent on its cross-sectional area, B. The 
equation is given below: 
log10 Cpurchase = K1 + K2 log10 A + K3 (log10 A)2                            (9) 
where K1, K2 and K3 are correlation coefficients as shown in Table C.3. 
Table C.3 Cost Coefficients for Sieve Trays 
K1 K2 K3 Amin (m2) Amax (m2) 






The cross-sectional area of a single tray is calculated as follows: 
4
D A
2π=                                    (10) 
Quantity factor for number of trays is given in Table C.4. 
Table C.4 Quantity factor for sieve trays 













Therefore, the bare module cost for the sieve trays is  









Column section cost (modification for retrofitting) 
The column section cost is calculated in the similar way of calculating a complete 
column based on diameter and height of the section. The column section cost is 
calculated using equations (1) to (8). Similarly, additional cost for sieve trays are 
based on the diameter of the trays and additional number of trays required. The 
cost is calculated using equations (9) to (11). 
 
C.3 Costing of Condenser and Reboiler  
The purchase cost of the exchanger assuming ambient operating pressure and 
carbon steel construction, Cpurchase, is given by: 
2
103102110 )(logloglog AKAKKC purchase ++=                        (12) 
where A is the heat transfer area of the exchanger, and K1, K2 and K3 are 
correlation coefficients listed in Table C.6. The reboiler is considered as Kettle 
type and the condenser of Floating head. Hence, Table C.6 provides the cost 
coefficients only for these types. 
Table C.6 Cost Coefficients for Heat Exchangers 
Exchanger 
Type 














3.5638 0.1906 0.11070 -0.6499 0.05025 0.01474 1.80 1.50 10 100 140 
 
* Pressure factors given are for when shell or both shell and tube are > 10 barg; when tubes only > 






The pressure factor, Fp, for the heat exchanger is given by:  
2
103102110 )(logloglog PCPCCFp ++=                         (13)  
where P is the pressure in bar gauge. The pressure factor should always be greater 
than unity, and not be used outside the range of pressures given in Table C.6. The 
material factor, FM, is dependent on the material of construction and is listed in 
Table C.7. The bare-module cost, CBM, is a function of the product of the material 
and pressure factor: 
( )PMpurchaseeboilerRCondenserBM FFBBCC 21/, +=                                   (14)   
where B1 and B2 are correlation coefficients listed in Table C.6.  
 
Table C.7 Material Factors for Heat Exchangers 
 Material Factor, FM* 
Exchanger 
Type 
Shell – CS 

















Floating Head 1.00 1.25 1.60 1.70 3.00 2.80 3.80 7.20 12.00 
Kettle Reboiler 1.00 1.25 1.60 1.70 3.00 2.80 3.80 7.20 12.00 
 
* CS – Carbon Steel, Cu – Copper, SS – Stainless Steel, Ni – Nickel, Ti - Titanium 
 
Total capital cost (before cost escalation) is calculated by 
(Capital Cost)before cost escalation = CBM,Condenser + CBM,Reboiler + CBM,Column + CBM,Tray 












CC ⋅= ,,         (16) 
Total module cost = CBM, present * 1.18     (17) 
The total capital cost for the FTCDS system is taken as total module cost shown in 
equation (17). 
 
C.4 Operating Costs 
 
Distillation systems such as FTCDS, DWC and other configurations need heat 
exchangers mainly reboiler and condenser for the column. These heat exchangers 
form the major energy consumption in the form of heating and cooling for 
distillation. This forms the major part of the operating cost of a distillation system. 
The calculations for the cost of process steam (heating) and cooling water 
(cooling) is discussed below. 
 
Ulrich (1984) chose to represent utility cost as follows: 
fuelutility CbIndexCostPlantCEaC ×+×=      (18) 
where coefficient a correlates capital and labor-related expense and b relates fuel 
price, Cfuel to utility price Cutility. The coefficients are based on the assumption that 
the plant is a customer purchasing utility from an outside supplier. Cfuel is taken as 
5.5979 US$/GJ (Petroleum Marketing Monthly, Jun 2005). The values of ‘a’ and 






For cooling water: 
a = 0.0001 + 
flowrate
00013.0   (0.01 < flowrate < 10 m3/s)  (19) 
b = 0.0056         (20) 
For process steam at 5 barg:    
a =  0.9flowrate
000027.0         (21) 
b = 0.002505         (22) 
 
The plant is assumed to operate for 8500 hours per year (97% time on stream). 
Cost of cooling water could then be calculated as 
yrhrflowrateVolCCostWaterCooling watercoolingutility /8500, ××=   (23) 
where 
TWaterofCapacityHeat
DutyCondenserflowrateVol Δ×=     (24) 
and the heat capacity of water is taken as 4.187 kJ/kg.°C. The value of ΔT is taken 
as 10 °C. 
 
Using the same assumption of 8500 hours per year on stream, steam cost is 
calculated by the formula below: 
yrhrflowrateMassCCostSteam steamutility /8500, ××=    (25) 
where 
onCondensatiofHeat
DutyeboilerRflowrateMass =     (26) 









C.5 Total annual cost 
The annualisation factor, which takes into account of depreciation, interest and 
maintenance, is 20% of the total capital cost (Seider et al., 1999).  
 
Total Annual Cost (TAC) = Total capital costs × annualisation factor + Operating 
cost per year       (27) 
 
 
 
